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(ETHODS OF POLISHING STEEL AND THEIR EFFECTS 
UPON THE PROTECTIVE VALUE OF ELECTROPLATED 
COATINGS 


By Gerald A. Lux! and William Blum 


ABSTRACT 


’ 


ine whether the “‘finish’’ of steel prior to electroplating affects the 

ie of the plated coatings, strips of cold-rolled steel were polished 

to which abrasives of different grain size were glued. The resultant 

ere measured with a Profilometer and were expressed as root mean 

microinches (millionths of an inch) of the departure of the contours 

» surface. ‘The finishes varied from a “superfinish,”’ with root mean 

less than 1 microinch, to 65 microinches, produced with a 90-grain 

The weight (and average thickness) of steel removed by polishing 

sured 

ed specimens were plated with copper, nickel, and chromium of 
thickness, and wert yh cn d to the atmosphere at New York, N. 

ok, N. J.; and Washington, D. C. The extent of rus sting observed at 

nspections Was expressed on a numerical scale, and the average results 

period such as 1 year were expressed as ‘‘Percentage scores.” 

parison of these scores showed that wide differences in the surface finish 

had no significant effects on the protective value of the plated coat- 

s possible that use of hot-rolled steel, which is more likely to contain 

sions, would have yielded differences as a result of polishing. 
ith accelerated tests, such as the salt spray, hot water, ferroxyl, and 
n tests, were not as reproducible and consistent as the atmospheric 
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VIII. Atmospheric exposure tests 
1. Conditions of exposure 
2. Method of inspection and rating - 
3. Results of exposure tests 
4. Discussion of results - - -- 
IX. Accelerated-corrosion and porosity tests -- ~~ ------- aon 
1. Salt-spray test 
2. Ferroxy] test.__.--- 
3. Hot-water test 
4. Moisture-condensation test 
Tables 1 to 22 


I. INTRODUCTION 


The American Electroplaters’ Society has cooperated with the 
National Bureau of Standards in a study of the effects upon {| 
protective value of plated coatings that result from differences in t 
method or degree of polishing of the metal prior to plating. n 
complete investigation was planned to include steel, brass, and z 
base die castings. Thus far the work has been confined princips ally yt 
the polishing and plating of cold-rolled steel and exposure of the sp 
mens to the atmosphere in three locations. These exposure tests of 
the steel have been completed. As this research program has bee 
interrupted for the duration of the war, it appears desirable to publisi 
the results of this first phase of the study.’ 

In this report the term ‘“‘polishing”’ is used in the restricted seus 
generally employed in the plating and metal finishing industries, | 
as the removal of metal from a surface by means of abrasive partic! 
attached by adhesive to the surface of wheels or belts. Whule t! 
operation is normally applied for the purpose of making the suria 
smoother, it has been used in this investigation to yield any desir 
finish, which in a given case may be rougher than the initial surfs 
e.g., when cold-rolled steel is polished with a 90-grain abrasive. 

As will be shown, the effects of polishing cold-rolled steel upon 
protective value of the coatings, as found in this investigation 
relatively small. The detailed data obtained in the polishing open 
tions are included because they may be of interest to persons plann 
a more detailed study of polishing. 


II. METHODS OF DEFINING SURFACE FINISH 


In order to insure that specimens polished according to a givel 
schedule were sufficiently like each other and sufficiently different 
those of another set to lead to reproducible and significant results 
was necessary to employ some objective method for defining 
surface finish. Because all comparable specimens were polished 
about the same procedure, except for the grain size of the abrasive. 
was not necessary to select a method that fully defined the surtac 
It was sufficient to be able to compare the contours of surlt 
similarly produced. 

In 1940 the ASME issued a Proposed American Standard, 5+! 
surface roughness, which was revised in 1942 as a proposed “Americ 
Standard of Surface Roughness, Waviness and Lay.” In 1! 


2 Some of the data in this report were presented in progress reports in the Convention Proc. Am. ! 


Platers’ Soc. p. 54 (1941); p. 19 (1942). 
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evant terms are defined, and a scale of roughness is based on the 
not mean square * of the height of the irregularities from the nominal 
urface. ; 

Various methods have been proposed for measuring surface rough- 
yess, including (a) microscopical examination of cross sections (illus- 
sted in fig. 1), (b) visual or photographic examination, usually 
ith the aid of a microscope, (c) measurements of reflectivity, and 
4) tracer methods. Of these, the tracer methods are most readily 
pplied. In these methods, a fine-pointed stylus is drawn across the 
face and its movements are measured or recorded. In the Brush 
urface Analyser ‘ this is accomplished by means of a tracing pen, the 
ertical fluctuations of which are usually magnified much more than 


0.01 IN. 


| «>| 
0.1MM 


Ficvre 2.—Brush surface analyzer chart; vertical magnification, * 3200; horizontal 
magnification, < 80. 


Steel specimen‘polished with wheel headed with 120-grain abrasive. 


the horizontal. A typical curve is shown in figure 2. From figure 3, 
i which the Brush record and the photomicrograph are plotted on the 
ime scale, it is evident that the tracer does not follow all the fine 
details of the contour. 
In the Profilometer * the movements of the stylus are converted 
uectrically into scale readings, the magnitude of which expresses in 
mcroinches * the root mean square of the deviations of the contours 
oma plane. If, as is frequently°assumed, the contour of a polished 
surface followed a sine curve, the average depth of the scratches 
prom groove to peak would be about four times the rms value. The 
ntiours on these surfaces are usually quite irregular and do not 
pproach closely to a sine curve, but the above relation may be used 
fs & rough guide. 
ee 
he root mean square (rms) of a group of numbers is the square root of the arithmetical average of the 
Muares of the numbers. 
| side by the Brush Development Co., Cleveland, Ohio. 


Made by the Physicists Research Co., Ann Harbor, Mich. 
nths of an inch. 
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Each of these tracer methods has definite advantages and limitg. 
tions. The Brush method yields a permanent record that is especially 
valuable in comparing the exact contours of surfaces. Because ¢ 
the large magnification involved, this record usually covers only 4 ' 
short distanc e, e. g., 0.06 inch, and many observations are requir 
to explore a surface. The Profilometer permits measurements oyer 


4 , 4 + + 


aeseeeu 


+ 








—+ —4- —- ¢-—--- 





i 
; } 


Figure 3.—Comparison of profiles of adjacent areas of same specimen, both at 














A, Photomicrograph; B, Brush surface analyzer chart (redrawn). Steel specimen polished with » 
headed with 120-grain abrasive. 


distances of several inches and directly yields numbers that serv 
to identify surfaces of a given type. To facilitate comparison of t! 
finish produced at different stages in the life of a polishing w! 
systematic Profilometer measurements were made throughout t 
investigation.’ The results have been used as a practical, thoug 
admittedly incomplete, definition of the polished surface. 


Ill. MATERIALS AND EQUIPMENT USED IN POLISHING 
1. MATERIALS 


Steel.—The steel was a “‘special’’? SAE 1010 steel described by | 
manufacturer as having a cold-rolled No. 3 finish and a No. 3 tempe 
It was supplied in flat strips, 6 feet long, 4 inches wide, and () 
inch thick (No. 22 U.S. gage). To comple te the study, some st 
strips, 6 inches wide, from the same firm were used. This steel will 
be referred to as 6-inch steel. In general, the results with this ste 
were the same as those with the original lot. 

It had a smooth, bright finish, and yielded Profilometer reading 
2 to 4 microinches. It was coated with a mineral oil and packed it 
oiled paper. 

Polishing Grains.—The polishing grains consisted of artil 
aluminum oxide, with specified grain sizes from 90 to 320, which cot 
formed in sieving tests with the requirements of National Bureau 0 
Standards Simplified Practice Recommendation R118—40. Rough zh 
a grain-size number corresponds to the number of meshes per ! line 
inch in the sieve through which most of the grain will pass. 

Glue.—This was a “ground, first run, standard emery hide 
the grade regularly used for “heading” polishing wheels. 


? With the cooperation of C. BE. Haven and G. M. Martin, of this Bureau. 
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jil.—To produce an “oiled”’ finish, a mixture of 1 part of kerosine 
and 2 parts of medium machine oil was applied to 220 grain wheels, 
ia mixture of equal parts of kerosine and medium machine oil 
«) 320 grain wheels. 
- Grease —The grease finish was produced by applying tallow to the 
el, followed in some cases by a mixture of tallow and charcoal. 


2. EQUIPMENT 


Polishing Machine—A straight-line semiautomatic _ polishing 
machine, figure 4, was employed. The speeds of the spindle and 
onveyor were adjustable, but in this study, unless otherwise noted, 
they were maintained respectively at 1,740 +5 rpm and 18.5 +0.5 
min. The wheel pressure was controlled by counterweights. 
With a wheel 4.5 inches wide, the spindle could be adjusted to pro- 
vide cross polishing on the 4-inch strips up to an angle of about 10° 
fom the direction of the conveyor belt. 

Polishing Wheels.—The polishing wheels were of the compressed- 
vas type and were designated by the manufacturer as having a 
medium density.’”’ Each wheel was 16 inches in diameter and 4.5 

hes wide. The canvas cushion was 2 inches thick, and the arbor 
hole was 2 inches in diameter. 

Heading Machine.—The heading machine used to apply the 

n to the glued wheel, shown as B in figure 5, had arrangements 
or heating the grain and for controlling the pressure of the wheel on 

grain. 

Glue Heater.—An electrically heated, thermostatically controlled 

ter bath was used (C, figure 5). 

Wheel Dresser.—A light-duty wheel-dressing machine was used to 
lress,”’ “‘true,’’ and “‘break in’”’ the wheels. This device is es- 
atially a lathe that rotated the wheels at controlled speeds against 
the tools used for treating the wheel faces. 

Wheel Balancer—A balancing device was used to balance the 

els, and lead wire was used for adjustments. 

Grader.—A vibrating type grader (D, figure 5) with silk 

reens was used to ‘‘scalp’’ the previously used grains, that is, to 

ve any grain-glue agglomerates produced in previous heading 
perauions. 

Scales.—A spring scale with a capacity of 50 lb, and reading to 


) 


(25 1b, was used to measure and control the pressure on the polishing 


A beam scale (A, figure 5) with a total capacity of 20 kg (44 lb) 


ind a beam capacity of 1,000 g (2.2 lb), and reading to 1 g, was used 
letermine the loss in weight produced by polishing a steel strip. 
esame scale was used to weigh the wheels and the gluepot during 


heading operation. 


IV. PREPARATION OF POLISHING WHEELS 
The application of glue and abrasive grain to polishing wheels is 
mmoniy known as heading, and the resultant coating is called the 
ei head. Before a wheel had a head of glue and grain applied to 
'siace, it was balanced on the wheel balancer to insure smooth run- 
-in the wheel-dressing machine. To dress and true a new wheel, 
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it was rotated in the wheel dresser at the same speed used in pola hin 
operations, while various tools were applied to a. face to remove suf. 
cient fabric to make the wheel cylindrical. A diamond tool. 
borundum wheel-dressing stones, and sandpaper were gene rally y 
in this operation. 

The wheel was then sized by brushing on a 25-percent solution 
glue by weight. This treatment impregnates the canvas in the sid« 
and face of the wheel with glue, imparts a degree of rigidity, is 
prevents uneven absorption of the glue subsequently applied to the 
face in the heading operations. A relatively high concentration 
glue was used for sizing in order to reduce its penetration into ¢) 
canvas and thus preserve some flexibility in the wheel. The giz 
wheel was allowed to dry overnight, sanded on the wheel dress 
and again sized, dried, and sanded. The wheel was then weighed, 

The container, brush, and glue of a specified strength were weigh 
The glue was then applied by brushing on the face of the wel shi 
wheel. The weight of glue solution applie <d was considered to be th 
loss in weight of the container. The glued wheel face was immedi 
ately rolled into the grain in the heading machine. Excess grain ws 
trimmed off the edges of the wheel, w hich was rew eighed. The 
crease in weight represented the w eight of glue solution Gouda sl 
determined) plus the grain. The wheel was then allowed to dry froz 
15 to 45 minutes, after which other weighed layers of glue and o 
grain were applied. The wheel was then dried for 24 to 48 hous 
depending upon the temperature and humidity. After drying, 
wheel head was prepared for use by removing any high spots or row 
edges by hand treatment with a carborundum stone. The wheel ¥ 
then mounted on the wheel dresser and the head was broken in }j 
slowly revolving it against a hardened steel roller at a controle 
pressure. This treatment caused the glued abrasive surface to crd 
into segments that were smaller and more uniform than those pn 
duced by the common practice of striking the surface with a pips 
Before being mounted on the polishing machine, each wheel was aga 
balanced. When mounted on the pone machine each new heat 
was run on a dummy 6-foot strip for one or more passes to remo 
loose grain or high spots before polishing the regular strips. 

When a used wheel was reheaded with the same sized grain, ‘! 
head was partly dressed off with a diamond, and the wheel % 
headed as above. If a different grain was to be applied, the whe 
was dressed off to bare canvas and resized before heading. 

The glue solutions (table 1) were prepared daily from weight 
quantities of glue and of water, which were mixed and allowed t 
stand at room temperature for 2 hours. They were then placed 
covered gluepots in the heater, and heated to 150° F (66° ©), 
which temperature the glue was applied to the wheels. The glu A 
and brushes were cleaned and scalded daily. <A special type o! 
drometer, known as a gluometer, was used to check and adjust t 
concentration of the glue solutions at 150° F. 

For the application of the grease finish, ‘‘paste” heads were & 
on the wheels. These were headed by applying to the dried gi 
sized wheel faces with a brush, two coats of a mixture by weight 
40 percent of a 19-percent-glue solution and 60 percent of  ~ 
grain abrasive, instead of rolling the glue-coated wheel in the g™ 
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Two sets were polished with a proprietary greaseless aluminum- 
oxide preps ration. This was stated by the manufacturer to be a mix- 
ture of 220 aluminum-oxide grain and a binder containing water- 
slab le organic compounds. The material was supplied in round 
bars in sealed cans. When freshly opened, it was in a moist but firm 
state. When applied to a revolving cloth buffing wheel, the heat of 
friction liquefied the binders, and the mixture was transferred to the 
wheel face, where it dried. Preliminary tests showed that polishing 
with greaseless compound did not remove as much as 0.0001 inch of 
steel. To make these specimens more directly comparable with the 
other sets, they were first polished with regular 220 grain to remove 
the same amount of metal as on the other comparable sets. With 
the ereaseless compound a packed loose-muslin buff was used at 

1,170 rpm. 

Table 1 summarizes the data on the heading and application of 
wheels with various-sized grains. These represent typical conditions 
that were maintained in these tests, but not necessarily the best 
conditions for any type of commercial polishing. 


V. POLISHING PROCEDURE 


The steel strip was wiped with cotton and carbon tetrachloride to 
remove oil, weighed, and clamped at one end to a holder on the con- 
veyor. Side uides prevented lateral motion, but permitted the 
strip to e apand lengitedinaiie when heated by the polishing operation. 


The approximate pressure during polishing was measured with the 


spring balance after the wheel was lowered almost to the steel surface. 
The pressure was adjusted by moving counterweights, which were 
then clamped in position, after which the scale was removed. An 
adjustable stop permitted the wheel face to bear fully on the steel 
surface, but not to touch the adjacent, slightly lower surface of the 
supporting wooden plank. 

The wheel, running at full speed, was lowered to the stop position, 
and the steel strip was then passed under it. The face of the wheel 
traveled in the same direction as the strip. The spindle and con- 
veyor speeds employed throughout the tests were selected as suitable 
ter preliminary runs, but are not necessarily the most favorable. 
The pressure used for each grain size was governed by trial runs in 

which the weight of metal removed was determined and the com- 
dleteness of polishing noted. During the polishing, the conveyor 
traveled only in one direction, and after each pass ‘the wheel was 
raised and the conveyor returned to its original position. After each 
pass, the strip was cooled with compressed air, which also removed 
ny loose particles of abrasive or metal. After the final pass, the 
sip was cleaned by brushing and was reweighed. 

The losses in weight during polishing and the Profilometer readings 
on the polished specimens were used as criteria of the performance of a 
given wheel head. Whenever these losses or readings departed from 
those obtained during the early use of that wheel head, and especially 
ithey approached the values yielded by wheels with the next finer 
grain, use of that wheel head was discontinued, even though it might 
lave been used commercially for considerably more polishing. 

Some specimens that were “superfinished” by the Chrysler Corpo- 
tition yielded Profilometer values of 0.4 to 0.7 rms microinch. 
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VI. TYPICAL DATA AND CONCLUSIONS ON POLISHINg 


Typical results obtained during these polishing studies are gyp. 
marized in tables 2 to 7. From these results and other observations 
made in this investigation, the following conclusions may be drayy 
regarding metal polishing under these conditions. 7 

1. (Table 5.) The amount of metal removed in a single pags j 
small, and usually corresponds to an average reduction in thicknes 
of from 0.0001 to 0.0005 inch, according to the grain size and th 
wheel pressure. 

2. (Table 2.) Successive passes on the same steel strip during the 
useful life of a wheel head (for this study), with a relatively fine graiy 
(220) and used with low pressure (18 Ib) removed a fairly constan; 
weight of metal, but the Profilometer readings gradually decreased, 
This decrease, observed during the life of all wheel heads used, js 
probably the result of the breaking down of the individual grains 

3. (Table 4.) The amount of metal removed per pass increase 
with the pressure. A certain minimum pressure (in this case, about 
35 lb) was necessary to polish the entire surface. If the pressur 
too high, the steel may be “‘burnt”’ (oxidized). 

4. With continued use and repeated heading, a polishing whe 
becomes more flexible, and less pressure is required to produce polishiny 
of the entire surface. 

5. With a given grain size and with given operating conditions 
there is an optimum pressure with respect to (a) completeness of 
polishing, (b) absence of burning, (c) weight of metal removed, and 
(d) effective life of wheel head. The actual pressure is usually s 
compromise of these values. 

6. (Table 4.) The polishing pressure has no significant effect a 
the scratch depth (Profilometer readings), 

7. (Table 3.) Continued use of a wheel head in preparation of 
specimens was marked by a greater rate of decrease in Profilometer 
values than in weight of metal removed. In general, the end of tl 
effective life of a wheel head was marked by a sharp decrease in 
Profilometer values rather than by a decrease in metal removed. 

8. (Table 5.) The effective life of a head with a given grain size’ 
not greatly affected by the finish of the steel prior to polishing with 
that head. 

9. (Table 5.) Polishing with a given grain size removes about t! 
same amount of metal per pass and yields about the same Profilor 
eter values, regardless of the finish prior to that polishing, Th 
average thickness of metal removed per pass was considerably mor 
than the approximate depth of scratch with the previous coarse 
polish (about four times the rms Profilometer reading). In principle 
nearly this amount of metal must be removed to obliterate previous 
scratches, 

10. (Table 1.) The shorter life of heads with finer grains may 
partly caused by the smaller weight of grain on their surfaces. 

11. (Tables 5 and 6.) The application of oil or grease to polishing 
wheel heads of a given grain size materially reduces both the amoutt 
of metal removed and the Profilometer readings. With oiled wheels 
a higher polishing pressure is required to remove enough metal 
eliminate s¢ratches from preceding finishes. 

12. (Table 7.) The finish produeed with greaseless compound ws 
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atermediate between that made by dry, fine-grain polishing and grease 
nolishing. It consisted of fine, discontinuous scratches, and yielded a 
@ sum. fe soit matte, or satin, finish, 
vations 


drawn VII. METHODS OF PLATING 


JHING 


pass js 1. PREPARATION FOR PLATING 
al 
aa e steel specimens were examined carefully before racking to ex- 
any that had obvi ious defects. Steel racks of the type described 
ing the i2 » pre v evious investigations * ® were used to hold the panels during clean- 
th: vand plating operations, In each rack six specimens are mounted 
© Cal ee came », so that there is about 0.25 inch between each edge 
nstant Mam 2 the same plane, so that there is a 25 2 ( ( g 
reased Mam ad the adjoining panel or portion of the rack, With this spacing and 
sed Mao? prope r anode arrangement, the maximum variation from the average 
sad reight of coatings on any 12 specimens plated on 2 racks in one opera- 
creases A tion Was less than +10 percent, ' 
ahead In general, the racked specimens were subjected to the follow ing 
Hoey, rele of operations prior to plating: (1) Degreasing with trichloro- 
ie ethylene in a vapor degreaser, (2) electrolytic alkaline cleaning, (3) 
nusing in water, (4) dipping in acid, and (5) rinsing in water. If the 
frst plating was done in a cyanide-copper solution, the specimens were 
so dipped into a solution of 4 oz/gal of sodium cyanide, and rinsed 
in wate : Copper-plated specimens were prepared for nickel plating 
by the same treatment, except that they were dipped into a solution 
'40z/gal of sodium cyanide and rinsed in water between operations 
and (4). Buffed nickel-plated specimen were hand-swabbed with 
alkaline cleaning solution in addition to the electrolytic cleaning 
ation prior to chromium plating. The details of these operations 
as follows. 


tior (a) VAPOR DEGREASING 


ometer The racked specimens were subjected in a two-compartment vapor 
greaser to the following cycle: (1) Immersion in boiling solvent, 
2) immersion in cool distilled solvent, and (3) immersion in vapor of 
ng solvent until the specimens reached the temperature of the 
lvent vapors, i. e., until no further condensation occurred on the 
specimens. Stabilized trichloroethylene was used as the 

and periodically checked for degree of alkalinity. 


(b) ALKALINE CLEANING 


lkaline cleaning was done electrolytically. Cathodic and 
cleaning and combinations of both were used. A small amount, 
loz (1 ml), of oleic acid was added to each 50 gal of cleaning 
m when prepared, to reduce formation of spray. The composi- 

ns and applications of the cleaners are listed in table 8. Originally 
is intended to use but one cleaner, designated as N in table 8, for 


y mor 
coarser 


Incipie 
"eViOw 


nay de ‘ 
= ning the specimens prior to copper or nickel plating. Because 
lishing C&ter V, the formula used in previous investigations, did not yield 
mountagg “factory adhesion on specimens plated with bright nickel, cleaner H 
vheels. Ma “23 Substituted for that purpose. A few sets were cleaned with cleaner 
otal tom ~: W4ich had a lower silicate content than cleaner H. 

——— 

_ > Blu P. W. C. Strausser, and A. Brenner, Protective value of nickel and chromium plating on steel, 
nd was * “esearch N BS 18, 331 (1934) RP712. 


and P. W. C. Strausser, Outdoor exposure tests of electroplated nickel and chromium coatings on 
nferrous metals, J. Research N BS 24, 443 (1940), R P1293. 
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(c) ACID DIPS 


After alkaline cleaning and rinsing, the specimens were dipped int) 
an acid solution until gassing occurred. The maximum time required 
for this action is recorded in table 9, together with the compositio, 
of all the dips and details of their use. No electrolytic pickling wa 
done. 

2. CONDITIONS USED IN PLATING 


A Rochelle salt copper, a dull nickel, a proprietary bright nick 
and a chromium-plating solution were used. The compositions ané 
operating conditions of these baths are listed in tables 10 to 13 
The composition of each solution was maintained by frequent analyse 
and appropriate additions or adjustments. 

The proprietary bright-nickel plating solution used was chosen by 
lot from the solutions in commercial use in 1941. It was of the 
organic addition agent type. Its installation, use, and contro! 
this Bureau were under the supervision of representatives of the 
supplier. 

3. BUFFING 


All the dull-nickel and copper-plated specimens, with the exception 
of a few sets (indicated in tables 14 and 15), were “‘color-buffed 
with full-disk loose buffing wheels, made from 64- to 68-thread musiir 
and commercial lime-coloring compositions. None of the bright- 
nickel coatings required buffing. The loss in weight by buffing was 
determined in trial runs, and allowance was made in the thickness oj 
plating so that the buffed deposits had the specified thickness (with 
+10 percent). The buffing losses on the nickel coatings varied fron 
3 to 10 percent, and on the copper coatings they were about 20 pere 


4. SCHEDULE OF DEPOSITS 


The composition and preparation of the deposits are listed in table I4 
for the sets exposed in September 1941, and in table 15 for the supple 
mental sets exposed in April 1942. To determine the effect of initial 
exposure at different seasons of the year and to correlate the exposure 
results of the two groups of specimens, reserve panels of some of t! 
sets prepared in 1941 were exposed with those prepared in 1942. I 
completeness, these sets are also listed in table 15. 


VIII. ATMOSPHERIC EXPOSURE TESTS 


1. CONDITIONS OF EXPOSURE 


In general, five specimens of each set were exposed in each of thi 
locations. (A few sets had only three specimens of each in 
location owing to inadequacy of the original stee! supply. 
locations were New York, N. Y.; Sandy Hook, N. J.; and Washingto! 
D.C. The location of the racks, their construction, and the met! 
of mounting the specimens are the same as those previously used ané 
described in earlier papers of this Bureau.” 


0 W. Blum, P. W. C. Strausser and A. Brenner, Corrosion-protectire ralue of electrodeposited zinc 
mium coatings on steel, J. Research N BS 16, 185 (1926) RP867. See also references given in fox 
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2. METHOD OF INSPECTION AND RATING 


Inspections of the specimens exposed in the fall of 1941 and in the 
¢ of 1942 were made by the members of the AES Research 
mittee and other interested persons. The average number of 
ns at each inspection was seven. 

method of rating was described in detail in other reports (see 

s 8, 9, 10). Each inspector assigned to each specimen a 

‘al rating from 0 to 5, based on the percentage of the surface 

| failed. Because only steel specimens were included in this 

Ms and ise of the project and there was no marked evidence of other 
to 12 ies (such as cracking, peeling, or blistering), the ratings were 
nalyses fmetermined solely by the area of the surface rusted. The percentage 
' scores for a given period represent the ratio of the average 
res during that period to a perfect score, and hence correspond to 

itive average protective value of the coatings for that period. 


nickel jal fete 


3. RESULTS OF EXPOSURE TESTS 


sults of the inspections are given in tables 16 to 22, and in 
and 7. In figures 6 and 7 the course of the corrosion is 
1 against elapsed time for the buffed and bright nickel coatings, 


ely, in the three locations. The relation between figure 6 


‘ 
> 
i a 
of 
°o 


oE 


PERCENTA 


AVERAGE 


Se 

SL Q 

a 
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FIGURE 6 Rate of failure of buffed dull nickel on steel. 
gd . A 


vere coated with 0.00075 inch of nickel and 0.00002 inch of chromium In each locatior 
sed, on which the finish of the steel varied from 90 grain to superfinish rhe thre 
n for each period represent the maximum, average and minimum ratings of the 8 s« 
Curve A. © Washington, D.C, 
Curve B. New York, N. Y. 
Curve C. X Sandy Hook, N. J, 
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WEEKS 
Figure 7.—Rate of failure of bright nickel on steel. 


All specimens were coated with 0.00075 inch of nicke] and 0.00002 inch of chromium. In each location, § 
sets were exposed, on which the finish of the steel varied from 90 grain to superfinish. bt e thre 
for each period represent the maximum, average and minimum ratings 
Curve A. © Washington, D. C 
Curve B. () New York, N. Y. 
Curve C. X Sandy Hook, N. J. 


in each location 


and table 16, A, and figure 7 and table 17, A, is such that each pere 
score in table 16, A, or 17, A, corresponds to the area under a curv: 
drawn for that set. Instead of drawing curves for each set (which 
would overlap) a single smoothed curve has been drawn for thi 
average ratings in each location. From these curves it is evideut 
that failure is much more rapid in New York and Sandy Hook than 
in Washington. The extreme positions of the points with res] 
to each average curve show that during the course of exposure onl} 
a few of the sets varied by more than about 0.5 point in rating 
10 percent in score) from the average, and these variations were nol 
sufficiently consistent to indicate any systematic effect of surfa 
finish. 

In order to draw conclusions from such data, it is necessary to first 
evaluate the reproducibility of the results. To be significant, an) 
effects of a particular variable must be greater than the accide ntl 
variations. A study of the results of this investigation and of | 
much larger number of inspection data from previous similar expos! Ir 
tests indicates that in any single location a given score must vary by 
about 10 percent from the average of comparable sets to be significa 
and for the mean of three or more locations, by at least 5 percent fron 
the average. 

When this criterion was applied to the above-mentioned tables, ! 
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lusive evidence was obtained of a consistent effect of the polishing 
oon the protective value of the plated coatings on cold-rolled steel. 
- example, (table 16, A) with 0.000 75 inch of buffed dull nickel and 
inch of chromium, eight sets ranging from a 90-grain finish 
iperfinish, showed no variations as high as 5 percent from the 
raze of the three locations. The supplemental exposure tests 
le 16, B) have beeu divided in two parts, according to the year the 
mens were prepared. This distinction was made because, for 
known reason, of comparable sets exposed in 1942, those plated in 
frst year of this project failed somewhat more rapidly than those 
later. It is not believed, however, that the former panels 
riorated in storage, as they were protected by wax paper from the 
rounding atmosphere. In each group, the deviations from the 
rage are all less than 5 percent. 
With seven similar sets plated with bright nickel and chromium 
7, A) there were no deviations of more than 5 percent from 
age of three locations. In the supplemental tests (table 
when divided similarly to table 16, B, there were some varia- 
ns as high as 7 percent from the average of three locations, but 
variations showed no direct relation to the preparation of the 
No significant effects of polishing have been observed. 
parison was also made of those sets on which the final polish was 
me, but had been preceded by different prior polishing opera- 
which consequently removed different depths of metal from the 
The results (tables 18 and 19) showed still smaller differences 
re observed between different polishes applied directly to the 


rio 


lifferences were observed in the behavior of specimens cut from 
, and 6-inch steel strips, or of those prepared by the different 

g procedures that yielded adherent deposits (table 21). 
he results (table 22, A) with those few sets in which the thickness 
right nickel, or of copper plus bright nickel, was varied from 
40 to 0.001 25 inch, showed a consistent increase in protective 
h thickness, just as was observed in previous exposure tests. 
e few sets (table 20) in which unbuffed dull nickel was com- 
with buffed nickel, the unbuffed specimens showed a marked 
rity (+21%) only on the unpolished cold-rolled steel. On sets 
| with 150 or 220 grain, the buffing of the nickel had no large 


sets with buffed copper under bright nickel (table 22, A) were 

tly better (+21 than those with bright nickel of the same 

i thickness applied Siccetiy to the steel: and were equal to those 

buffed dull nickel of the same total thickness. This result is 

nt from the previously reported detrimental effect of copper 

ier buffed dull nickel. These results were confirmed with addi- 

| sets with copper followed by buffed or bright nic kel that were 
ied in the supplemental exposure tests, table 22, B. 


4. DISCUSSION OF RESULTS 


thas been generally believed that plated coatings of a given thick- 
more porous and hence less protective when applied to rough 
es than to smooth or highly polished surfaces. This belief was 
re out in these tests. Several causes may have contributed to 
ent contradiction, 
45-2 
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The steel used in this study was cold-rolled and the surface ys 
si from oxide or scale such as are normally present on hot-roljej 
steel. A given method or degree of polishing might not leave as eo. 
tinuous a metal surface on hot-rolled steel as on the steel here used 

This steel was of a special grade that normally contains |. 
foreign inclusions thansome ‘other grades of steel, especially | 
rolled. It has been reported that these inclusions are more numero, 
below than on the surface and are therefore increasingly exposed | 
the successive polishing operations. No such effects were A wot. 
with the steel used in this study. 

For most decorative plating, it is customary to produce a fing 
bright surface. If, therefore, a deposit of nickel is applied to a rely. 
tively coarse surface, it will be necessary to “‘cut’’ and ‘‘color’” th 
nickel to achieve a smooth, bright surface. In that process an appre. 
ciable amount of nickel may be removed from the ridges, making t) 
coating there thinner and possibly cutting through it. Under suc) 
conditions greater porosity might be expected for coatings applic d 
over rough surfaces than oversmooth, In this investigation no att ‘Of 
was made to smooth the nickel surfaces by cutting down. The slight 
color-buffing that was applied to the dull-nickel deposits did not elin- 
inate the scratches derived from the base metai or appreciably red 
the thickness of the nickel, even locally, 

The most similar study to this one is that described by W. L 
Pinner." He polished panels of (a) hot-rolled SAE steel 1085, 
commercial cold-rolled SAE steel 1010, and (c) ‘“‘perfect”’ cold-rolled 
steel 1010, with various abrasive grains, plated them with nickel, and 
subjected them to the salt-spray test. 

With the hot-rolled steel (a) and the commercial cold-rolled st 
(b) he found that a decrease in grain size of the abrasive, e. g., from 
90 to 220 grain, improved the protective value of the nickel coatings 
This effect was most marked when greased wheels were used for t 
final polish. With the perfect cold-rolled steel, no effect of grain si 
was observed by him except with 90 grain, which yielded a poorly 
protective coating, 

The results of Pinner on the perfect steel are consistent with thos 
of this investigation, except for the low rating with the 90-gr 
abrasive. This small discrepancy may involve the use of the salt 
spray in Pinner’s tests, and ofjatmospheric exposure jin the present 
tests. It is possibly significant that in table 16, with buffed dul 
nickel, the 90-grain specimens showed the average behavior in thi 
atmosphere, but a very much larger number of rust spots in the salt 
spray than did other sets in this table. 

The conclusions of W. M. Phillips * and of A. W, Hothersa ll and 
R. A. F. Hammond * that roughly polished surfaces yield more 
porous deposits, may also have ‘involved more inclusions in thei 
steel than were in the steel used in this study. 

The conclusions reached in this study, that wide variations 1 
polishing operations and in the contours of the steel surface prior! 
plating have no significant effect on the protective value oi te 
plated coatings, may therefore apply only to steel that is italy 
free from scale and inclusions and that has’ “not been polished to pro 

Convention Proc. Am. Electroplaters’ Soc. p. 137 (1940). 


1 Conv. Proc. Am. Electroplaters’ Soc. p. 249 (1936). 
Trans. Electrochemical Soc. 73, 449 (1938). 
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a smooth surface after plating. More extensivejstudies; are 


yce 


quired to determine, the, effects of polishing under other conditions. 


Ix. ACCELERATED-CORROSION AND POROSITY TESTS 


In general, the purpose of accelerated-corrosion tests of coated 
yetals is to determine in a short time the relative protective value of 
«oor more coatings, In order to expedite corrosion some conditions 
‘the test, such as the corroding medium or the temperature, must 
different from those in the normal or expected conditions of service. 
ocguse Of such variations, the actual results of the exposure test 
;not usually approach closely to those obtained in service, If, 
ough research or experience, a correlation has been found between 
ven type of service and the results of an accelerated test, the latter 
ay be used in research or in specifications relating to similar con- 
tions of exposure. The exposure tests discussed above gave an 
pportunity to compare accelerated tests with atmosphere tests. 
‘The failure of coatings of noble metals, including copper and 
ickel on steel, is associated with porosity of the coatings. It has 
n shown that the most effective means of decreasing the porosity 
nerease the thickness. The usual porosity tests involve appli- 
f a reagent that will not attack the coating but will attack 
he base metal and yield visible evidence of such attack. Four 
ich methods, namely, salt-spray, ferroxyl, hot-water, and moisture- 
odensation tests, were applied in this investigation to reserve 
cimens of the sets subjected to exposure tests. The results may 
summarized as follows: 


1. SALT-SPRAY TEST 


This test was conducted with a 20-percent solution of sodium 
ride at 95° F. in the box designed and used at this Bureau. The 
imens were hung vertically,’* and their positions were changed 
y 24 hours to eliminate any effects of possible nonuniform dis- 
tion of the fog. (Owing to the limited supply of the plated 
mens, usually only a few of each set were subjected to each type 
t.) Inspections were made and the numbers of rust spots were 
rded at 24-hour intervals. 

lt was found that the results of the salt-spray test were not nearly as 

producible as the exposure tests of similar specimens. In the latter 

ests there were few sets of five samples in which there was any large 
ition in the extent of rust on individual specimens. In the salt- 
spray test, however, at the end of 100 hours, 1 specimen might show 30 
40 rust spots and 2 others of that set only 1 or 2 spots. 
addition, it was found that when the salt-spray test was applied 

these specimens for 336 hours (14 days) most of them showed a 

ge increase in the number of spots, in some cases to 100 or more 

ver specrmen, although some showed practically no spots after the 
¢ exposure. 

‘his behavior suggested that the salt spray was slowly attacking 
tings and producing pores where none existed previously (just 

—— 
: t ts were conducted, it has been found that more significant results are usually obtained in 


mounting the specimens at an angle, such as 15°, from vertical. These tests were con- 
t the control of fog that is now specified, 
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as has been reported for the ferroxyl test). At first, this possjhjjj,, 
was discounted by experiments made at this Bureau some vears ; r 
from which it was then concluded that the rate of attack of ; 

in the salt spray is negligible. 

As a further check, we ighe d pieces of detached nickel foil, depositey 
respectively from the dull and the bright-nickel baths, were eXDosed 
to the salt spray for 8 days. The dull nickel acc uired some br own 
stains and the bright nickel some green stains. These were cleane 
off by light rubbing with magnesium oxide and the specimens wy, 
dried Re weighed. The loss in weight of the dull nickel corre sponde ad 
to 0.0020 g idm? of exposed surface, ‘and of the bright nickel to 0.007 
g/dm’. If these losses had represented uniform attack of the entir 
surfac e, and if the foil had been 0.001 inch (0.025 mm) thick, the los 
in 8 days would have corresponded to about 1/1000 of the weight of th 
dull nickel, or to 1/250 of that of the bright nickel. With attack o; 
only one side (as occurs with an adherent deposit), it would hay 
required 16,000 days (over 40 years) to completely dissolve the dul 
nickel and about 10 years to dissolve the bright nickel. This sloy 
rate justifies the former conclusion that the total attack of nickel j 
the salt spray is negligible. 

Examination of the corroded foils showed that they had not | 
uniformly attacked, but that numerous fine holes had been produ 
in the foils, which by visual examination, were apparently free fr 
pores before the test. This behavior, which is similar to that obs 
with nickel in contact with ferricyanide (ferroxyl test) or with iodine 
is a definite evidence that an apparently dense nickel deposit may not 
be homogeneous. The holes may have been produced by solution of: 
very thin film of nickel that had bridged over pores that were preseal 
during the initial stages of de position. Another possibility, confir 
by a few microscopic observations, is that the deposits may contail 
inclusions of basic salts, which are dissolved out by certain reagents 

These results cast doubt upon the value of the salt-spray test ! 
detecting pores in nickel coatings. Pending more exhaustive stu 
it is logical to take as a tentative measure of porosity the results 
a relatively short period, such as 100 hours, in the salt-spray | 
When this criterion was applied to the results with the polished a 
plated specimens, no correlation was found with the exposure tests 
The two sets of dull nickel that showed large numbers (40 and ? 
of spots in the salt spray, and the one of bright nickel (30 spots 
were from sets that showed no marked failure in the exposure tests 


2. FERROXYL TEST 


Because it had been shown by numerous investigators that 


ferricyanide reagent commonly employed in the ferroxy! test attac 
the nickel and produces pores, P. W. C. Strausser ° developed 2 

in which paper saturated with a solution of sodium chloride 
gelatin was applied to the surface and was subsequently “develop: 
in a ferricyanide solution. In the present study, mostly with depo . 
0.000 75 inch thick, ferroxyl tests were made with the regular m 
and the dilute reagent, containing 60 g/liter of sodium “chloride 
g/liter of potassium ferricyanide, ‘and 10 g/liter of agar. Speci 


“uP. W. C. Strausser, Convention Proc. A. M. Electroplaters’ Soc. p. 194 (1939) 
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25 sets with a wide variation in polishing and plating, showed 
om zero to nine spots, with an average of only about two spots 
ue epecumen. On these relatively thick coatings it is apparent that 

ite ferroxy! reagent disclosed very few if any pores in the time 
tthe test (10 minutes). The numbers of spots showed no correla- 
™ with the exposure tests. 


3. HOT-WATER TEST 


A his test the plated specimens were heated for 6 hours in distilled 
SvVONGe _ »0 . . 
— cater kept at 194° to 203° F, and then removed and allowed to dry in 


O UDOT ° 8 rm . 
e entedmne air. ANY visible rust spots were then recorded. To avoid attack 
the los glass by the water, which might increase the pH of the water, a tin- 
ht of # el container was used for hot water. ; 

tack od reviously reported by Strausser (see footnote 15) and others 
Id hav water test generally yielded smaller numbers of spots than 
the dul salt spray or ferroxyl. On only one set were more than five 
Tage er specimen revealed. Of three specimens of this set the 


rs of spots were 0, 12, and 15, showing poor reproducibility 
elation was found with the exposure tests. 


4. MOISTURE-CONDENSATION TEST 


This test was recently used at this Bureau ™ in a study of the pro- 

tive value of painted coatings on steel. The specimens are cooled 

of high humidity so that moisture condenses on them for 5 

then allowed to stay wet for 18 hours, and finally dried for 

rin warm dry air. These stages constitute one 24-hour cycle 

‘his test proved to be slower and less discriminating than the other 

rosity tests. In 50 days, practically no rust spots appeared on 

iffed dull-nickel specimens plated directly on the steel, although 

rust spots appeared on the bright-nickel deposits within about 

) This method does not appear to be a practical method of 
test! plated metals. 

The authors acknowledge the cordial cooperation of their asso- 

the National Bureau of Standards, including Murray Ber- 

\merican Electroplaters’ Society Research Assistant; the 

h Committee of the American Electroplaters’ Society; other 

s; who assisted in the inspections, and the following firms, 

ipplied equipment, materials, and assistance for this investiga- 

Brush Development Co., Cleveland, Ohio; Physicists Research 

inn Arbor, Mich.:; Exolon Co., Blasdell, N. Y.; Divine Bros. Co.., 

Utica, N. Y.; Wallingford Steel Co., Wallingford, Conn.; Lea 

facturing Co., Waterbury, Conn.; Chrysler Corporation, De- 

Mich.; Harshaw Chemical Co., Cleveland, Ohio; Northwest 

nical Co., Detroit, Mich.; Mutual Chemical Co., New York, 

;E. I. du Pont de Nemours & Co., Wilmington, Del.; Philadel- 

Quartz Co., Philadelphia, Pa.; Hanson Van Winkle-Munning 

, Notewan, N. J.; and the Bell Telephone Laboratories, New 

, N.Y. 


ird and W. C. Porter, NBS Report BMS44 (April 8, 1940). 
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TABLE 1.—Heading and operation of wheels 


[Minimum drying time 24 hours at room temperature. All heads consisted of 2 coats of glue » 
the latter applied with 1 light rolling and 3 pressure rollings] 


| 
rv 
| Average | 4 verage ‘ rho 

f Glue, con- weight | ‘weight | between Break-in Pressure 

Grain size centration of glue | of grain first and run before used in 
by weight | plus water : use polishing 

. per head per head second . 
| | coats 





Percent 
90. ; 
120 
150 
180 
220 f < 
320 2: 6) 3. 15 


TABLE 2.—Effect of successive passes of a wheel with a dry 220-grain he 
steel specimen 


= [Polishing pressure, 18 Ib] 


| 
Metal removed per pass | Total thick Profilometer poating rms | 
ness of metal nches 
Pass number removed j|— 
Ounces Equivalent coe 
per thickness |/, 000 a ‘ 
strip |(X<.00001 in.)|‘*° n. 








1 19 
2 16 
3 — —_ . 19 
4 to 8 (avg.)_.. 2 18 
9 to 18 (avg.)... .23 | 18 








Average 18 | 








TABLE 3.—Effect of continued use of a wheel with a dry 150-grain hea 
specimens 


[Polishing pressure 25 Ib. New strip used after every 3 passes] 


| | 
| Average amount of metal Profilometer reading (rms n 
removed per pass inches 


Pass number from— 
Ounces Equivalent 
per thickness Max 
strip (X.000 01 in.)} 


> : nee 0. 39 
oo peenaeen sane inaeieian . 38 
31 to $3......... soda . 39 | 
43 to 45... whee . 30 


E 4.—Effect of pressure on polishing wheel with 90-grain head 
{Three passes per strip] 


Profilometer reading (rms micro- 
Total metal inches) 
Polishing pressure removed Ee ee es ae 
1(><.000 01 in.) 
Max Min 


r 


lb 


” 


86 
119 
127 | 
144 | 
163 | 


cn on On 
"hhh ® 


4) 








| 
| 
| 


* Steel “burnt” on edges during polishing. 
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TABLE 9.— Pickling 


Sulfuric Hydro- Maxi- 
acid, chloric Temps mum 
Preparation for deposition of | H:S80., | acid, HCl, emper- | time of 
cp, 95%; cp, 35%: Ovure immer- 
Sp gr 1.84 sp gr 1.18 


fl o2z/gal fl oz/gal . Seconds 
Dull nickel or copper......_. . 2 120 
Dull nickel... ‘ : 14 
| . .| Dull nickel or bright nickel : ‘ 1h 
polished | Bright nickel or copper... f 30 


on steel...| Chromium.................. sal 30 
p steel... — Se . . 30 


Composition and operating conditions of Rochelle-salt copper-plating 
solution 


Composition 


Copper cyanide, CuCN ‘ 

rotal sodium cyanide, NaCN 

Free sodium cyanide, NaCN 
Sodium carbonate, NasC Oy, 
Rochelle salt, NaK C,yH40¢.4H:0-__.. 


Operating conditions 


pH (glass electrode, uncorrected) ’ enie 
remperature . F 
Current density ‘ amp/ft? 


Composition and operating conditions of dull-nickel-plating solution 
' 
Composition | 


Nickel sulfate, NiSO«.7H:0 ---02/gal 
Nickel chloride, NiCls.6H:0.. _ o2z/gal 
Boric acid, HsBO; 


Ope rating conditions 


pH (quinhydrone) at 77° F 

lemperature °F. 
Current density ...amp/fe 
Cathode bar oscillated 


TaBLe 12.—Operating conditions of bright-nickel-plating solution 


pH (quinhydrone) at 77° F _ , 

lem perature ‘ ad me PP es 
Current density . sien ...amp/fe. 
Cathode bar oscillated 
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TABLE 13.—Composition and operating conditions of chromium-plating ; 





Composition 


ES 
Sulfuric acid, H:SO, 











Operating conditions 





Tempera- | Current 


ture density 
| 


Plating on— 


amp/ft 
Dull nickel. ._....- véinetenniaihinmaininiaiet 150 
IESE TES EES 175 








TABLE 14.—Summary of preparation and plating of steel specimens erp 
September 1941 


[B = bright nickel, S=dull nickel, +=buffed. 0.000 01 inch of chromium over nickel o 


4=4-inch steel originally supplied. 

6=6-inch steel supplied later when 4-inch steel was used up. 
N = Original cleaner, used with direct current only. 
N:= Original cleaner, used with direct and reverse current. 

H = Harshaw cleaner, used with direct+reverse current. 


Set number Surface finish, abrasive grain size Steel | Cleaning 


| 
| 
| | | 


| 
| 
} 
| 
' 
| 


| Cold-rolle 
= = 

Si RS Seer 

EE Sees 


4 
4 
4 
6 
4 
6 
6 
4 
6 
4 
6 
6 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
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Summary of preparation and plating of steel specimens exposed in 
September 1941— Continued 


Plating in 0.000 01 
inch 
Surface finish, abrasive grain size Steel | Cleaning 


Copper Nickel 


90, 220... . B75 
150, 220 N 87 
150, 220 B75 
150, 220 cross N 8 75 
150, 220 cross. 

150, 180, 220 

150, 180, 220. . 


| 320 
320 
320 oiled 
320 oiled 
220, 320 
220, 320 
220, 320 cross 


220, 320 cross 
Superfinished 


do 
; Cold-rolled 
do 


do 


15.—Summary of preparation and plating of steel specimens exposed in 
April 1942 


kel, S=dull nickel, +=buffed. 0.00001 inch of romium over nickel on all specimens.) 


riginally supplied 
eel supplied later when 4-inch steel ran out 
al project cleaner, used with direct current only 
aw cleaner, used with direct+reverse current 
ate cleaner, used with reverse current only 
ate cleaner, used with direct and reverse current 


Plating in 0.000 01 
inch 
finish abrasive grain size , a 
Copper Nickel 


Z 


220 grease 


Ze 


io 
GreaselessA] 30 3 


_ 


| Cold-rolied_ 
do 
do 


do 


ZZ ZAZ 


 — 


DUPLICATES OF ORIGINAL SETS EXPOSED IN APRIL 19142 


Cold-rolled 

90, 150 cross 

220, 320 

Cold-rolled 
, 150 
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rl 


average 


Deviation 


634436—45—_3 
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TABLE 18.—Effect of polishing depth on protective value of buffed dull-nickel latin 


on steel 


[0.000 75 inch of buffed dull nickel. 0.00001 inch of chromium. Panels exposed October 19 





q .4 


° Polishing 
number 


operations 


(0.000 01 in.) 


150 
90, 150 
90, 150 cross 


Outdoor exposure (7'=total percentage scor: 





Total metal | oo polls 
removed by | ‘7 weeks) 
polishing 


operations Devia- 


tion 

4 from T 
aver- 
age 


31 
18 


Sandy Hook 
(57 weeks) 


Washington 
(61 weeks) 


Devia- Devia- 
tion tion 
from T from 
aver- aVver- 
age ive 


+1 oh] 
+5 91 
=—§ 


90, 120, 150 
Average 


220 

90, 220 

150, 220 

150, 220 cross 
150, 180, 220 


Average 


320... 
220, 320 . 
220, 320 cross 


Average 


TaBLeE 19.—Effect of polishing depth on protective value of bright-ni 


steel 


[0.000 75 inch of bright nickel. 0.00001 inch of chromium. Panels exposed Oct 


Outdoor exposure (7'=total percen 


Average 
metal 
Set | removed by 
number | polishing | 
operations 
(0.000 01 in.) 


New York Sendy Hook | Washingt 


(57 weeks) 7 weeks) (61 weeks 


Surface finish ner tee 
Devia- 
tion 
from 
aver- 


age 


Devia- 
tion 
from T 


—1 
—1 


—3 


150 

90, 150 

90, 150 cross 
90, 120, 150 


+3 


‘TOSS 


0, 220 


Average 


Average... 
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Tape 20.—Effect of buffing on protective value of dull-nickel plating on steel 


0.000 01 inch of chromium over nickel. Panels exposed October 1941.] 


Outdoor exposure (7'=total percentage score) 
New York Sandy Hook | Washington Average of 3 
Nickel | (57 weeks) (57 weeks) (61 weeks) | locations 
Surface finish 








plating a | — 
, : | , ' 

| Devia- | Devia- Devia- | | Devia- 
tion tion tion | | tion 
from from | 7 | from T | from 

average average average average 


+ 
to 


DwonNK ss 


+23 | 5 | + 3s +4 
—6 : —5 
—5 | 5 | +f | +1 
—6 b —1 | 
+2 | +4 | 


DMDMnDD™M 
-IT+1, 


SIN 


Average of all 

Average unbuffed 
nickel. | 

Average buffed 
nickel. 


iffect of variations in cleaning on protective value of nickel plating on 
steel 


41 thickness of buffed dull- or bright-nickel, 0.000 01 inch of chromium. All steel, except 
2°, 4 inch, was cold-rolled 6-inch stock. Panels exposed April 1942.] 


| Outdoor exposure (7'=total percentage score) 





New York Sandy Hook | Washington | Average of 3 
| (31 weeks) (31 weeks) (32 weeks) locations 
Cleaning Plating = nee 
| | 
| Devia- | Devia- Devia- | Devia- 
tion | tion ” tion » | tion 
T from T from 7 | from 
laverage average) average 
| | 





| 


| from 





| 
-1 0 | 65 | 0 
+4 5 —3| 9% 1-5 66 | +1 
+4] |! +2] 95 68 | +3 
-9 Oo; x 61 | —4 





+5 "| +2 


| 68) +6 

67 ‘' +5 
68 +6 
45 —17 














Average, bright- | 2 +8 | 
nickel. 
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—Effect of surface finish on protective value of various thic! 


TABLE 22. 
nickel with and without copper undercoat 


[0.000 01 inch of chromium] 


Outdoor exposure (7'= total percent 


New York | Sandy Hook | Washingt 
(57 weeks) (57 weeks) (61 weeks 


Surface ' | 
Set number ay Plating — | 
Vit Devia- | 
tion | 
T from 
aver- 


A, EXPOSED OCTOBE! 


Cold-rolled_| B 40 
150 B 40 
220 B 40 


rage 
Cold-rolled 
150 


5+, B 100 
5+, B 100 
+, B 100 


Cold-rolled 
150 
220 


25+ 
50+ 


| 


Average, dull nickel. 


+ 


2 


Average, bright nickel 


WASHINGTON, January 5, 1945. 
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PI HOTOMETER FOR LUMINESCENT 1 MATERIALS 
By Ray P. Teele 


ABSTRACT 


evaluating the usefulness of luminescent materials it is necessary to take into 
int the behavior of the human eye at low values of luminance. A photometer 
at provides for the determination of low luminances, with due regard for the 
-haracteristic behavior of the eye at such values, is described. It is 
g to note that both the luminescent materials and some of the phenomena 
for the nearly dark-adapted eye have been known for many years, 

rh the use of modern lamps to produce higher and higher illuminations has 
enerally unnecessary to consider these phenomena. However, the use of 
for bombing with the countermeasure of blacking out as a means of 
lefense and the need for markers in the interiors of blacked-out ships 


own many of the luminscent materials to be practical instead of merely 


and has led to the development of methods for measuring the luminances 


CONTENTS 


troduction ee 
Photopic, mesopic, and scotopic vision - - - - 
Description of the photometer 
1. Photometric details 
2. Mechanical details 


Summary 
I. INTRODUCTION 


Some of the luminescent materials have been known for hundreds 
‘years but were considered more or less as novelties until recently, 
| their practical usefulness became apparent. Luminescence not 
sting the excitation (fluorescence) was, in all probability, not 
served until after the invention of irradiating sources and devices 
cially designed for the purpose of detecting such luminescence. 
minescence, such as that of glowworms and rotting wood, and that 
ich outlasts the excitation (phosphorescence), must have been 
ticed by man in his early existence. Aristotle’s pupil, Theophrastus, 
ys that a carbuncle exposed to sunlight glows like a live coal,' and 
totle himself (about 350 BC) mentions the luminescence of 
tung wood. Benvenuto Cellini tells of seeing a white sapphire 
illuminated a perfectly dark room.? As early as 1625 Peter 
rlus made little toy animals from phosphorescent material (see 
note 1). An alchemist, Vincenzo Cascariolo, in Bologna, Italy, 
t 1600 found a stone which seemed heavier than one of its size 
id be, and upon heating it, in the hope of finding gold, he dis- 


iM. Vogel, Luminescence of Liquids and Solids and its Practical Applications (Inter 
ers New York, N. Y., 1943). 
i.’ Mc nth ly, p 497 (1938). 
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covered that it would glow in the dark, “sometimes for as long 
hour” and also found how to make it glow at will.’ 

The luminance‘ of the luminescent light from phosph 
materials ranges downward from that of a white surface viewed jn 
moonlight. In measuring such luminances it is necessary to consi» 
the be havior of the weakly illuminated eye. In 1826 J. Purki 
showed that after a red surface and a blue surface have been jl 
nated so as to have the same brightness, a reduction of the illumi) 
of both surfaces in the same proportion will cause the red surf 
appear darker than the blue after a certain limit of reduction has }) 
passed. The dependence of the observed values also upon thy 
the field of view for the nearly dark-adapted eye was determin 
P. Reeves ® in 1917. The trend to higher and higher illuminati 
lighting purposes had made it unnecessary for the photometr 
remember these effects in the measurements customarily mad 
laboratory. However, when the use of luminescent mate: 
shown to be practical it became necessary to take account o! 
of these phenomena in constructing a photometer for the measu 
of their luminance. 


II. PHOTOPIC, MESOPIC, AND SCOTOPIC VISION 


The human eye has the ability to adapt for light conditions o1 
wide range, The approximate upper limit is represented by th: 
dition of viewing fresh snow in full sunlight, which is uncomfort 
and, if long continued, results in a temporary blindness, “snow b! 
ness,” or if viewed for prolonged periods, may result in perma 
injury to the eye. The lower limit is considerably below the « 
tion of viewing a white surface on a clear, moonless night. 7) 
change in size of the pupil of the eye is easily observed, and, as ever 
one knows, the pupil is small if strongly illuminated, and as tl 
mination weakens the pupil becomes. arger. There are oth e] 
obvious changes, such as the change in the luminosity curve, whid 
explains the Purkinje effect and the loss of the ability to dete: t detail 
(acuity) and of the ability to detect chromaticity differences 
associated with the transition from cone to rod vision. 

When we view a surface of high brightness with photopic vis 
that is, when the eye may be said to be light-adapted, we find th: 
eye has a nearly constant luminosity curve, independent of the 
luminance range under consideration, All definitions of units ¢ 
luminance (photometric brightness) imply that comparisons betw 
differently colored surfaces be made at values of luminance sufficient 
high to insure that the observer’s eye is in a state of light er D 
This is to insure that luminance values obey the additive law, by wh 
a luminance of y units superimposed upon one of 7 units will a de 
a luminance of (x+y) units, If this law is not obeyed, the ordi 
inverse square law, the ratio of areas of openings in diaphragn $ 
the ratio of the areas of the open and opaque sectors of a rotatil 
disk (Talbot’s law) may not be applied to the luminance values un¢ 
consideration, If differently colored surfaces are viewed, obedien e 
to the above-mentioned laws occurs only if the luminosity curve 


t 


3G. T. Schmidling, Protective and Decorative Coatings, III, 657 (John Wiley & Sons, New York, N 
1943); also reference 1. 

« Psychophysics of color, OSA Committee on Colorimetry, J. Opt. Soc. Am. 34, 245 (1944 

8 J. Purkinje, Magazin gesammte Heilkunde (Berlin) 20, 199 (1526). ¥ ‘ 

*P. Reeves, J. Opt. Soc. Am. 1, 148,(1917); P. G. Nutting, Trans. lum. Eng. Soc. XI, 939 (19! 
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ne eye is constant and independent of the adaptive state of the eye 
roughout the range of luminance under consideration, Fortunately 
» eve in observing luminances greater than 1,000 microlamberts 
oes possess a nearly constant luminosity curve, and for this condition 
when the eye is said to be light-adapted) we have photopic vision 
nd the values of luminance (photometric brightness) for differently 
slored surfaces not only obey the additive Yaw but also correlate 
el] with brightness, subjectively evaluated. We may speak of such 
alues as photopic luminance. , 

Unfortunately the luminosity curve of the eye does not remain 
onstant when the luminance of an extended surface is reduced below 
(0 microlamberts; in fact, the eye becomes progressively more 


| A-LIGHT-ADAPTED 
\] B-DARK-ADAPTED 


Se Eee 


O' ——at _—— Le a - Sa 
350 400 450 SOO 550 600 650 700 750 


WAVELENGTH OF THE LIGHT (MU) 


vrE 1.—Comparison of the luminosity curves for the light-adapted (A) and for 
the dark-adapted (B) eye. 


ensitive to short-wave (blue) and less sensitive to long-wave (red) 
ight as the luminance to which it is adapted is reduced from 1,000 
oabout 0.5 microlambert, the rate of change being most pronounced 
tween 200 and 1 microlambert. This shift of the luminosity curve 
toward shorter wavelengths explains the Purkinje effect. For 
adaptation to luminances below 0.5 microlambert, the eye again 
reaches a steady state, with a constant luminosity curve characteristic 
of scotopic vision, and the eye may be regarded as dark-adapted. 
We may speak of these luminances as scotopic luminances. In figure 
1 the adopted luminosity curve of the light-adapted ’ eye and an 
average curve for the dark-adapted * eye are shown. As the luminance 
of the observed surface is diminished, we pass through the region of 
mesopic vision, and the luminosity curve moves progressively from 
tat of the light-adapted eye toward that of the dark-adapted. 

The following are four of several ways to assign numerical values 
‘0a scale of luminance below the photopic region to include mesopic 
and scotopic luminance. 

A. Arbitrary application of the photopic luminosity function to all 
lummances by making visual comparison of fluorescent and phosphor- 


Soe 
ey résumé of the data on which the standard ICI luminosity factors are based and of the present status 

_ factors is given in a paper by Kasson 8. Gibson, Spectral /uminosity factors, J. Opt. Soc. Am. 30, 51 

% “ummary of American Opinion on BS/ARP 18, British Standard Specification for Fluorescent and 

1. plorescent Paint,” prepared for the American Standards Association by L. A. Jones under date of 

“ ye wee gives an average of the luminosity data for low luminances determined by Hecht and Williams 
“l)  eaver 
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escent materials only with a standard of similar spectral composit 
the standard to be evaluated by way of the photopic luminos 
function. 

B. Adoption of an arbitrary photoelectric procedure for evaluatiy, 
the radiant energy from fluorescent and phosphorescent materials — 
C. Definition of the unit and scale of mesopic and scotopic lun 

ance in terms of the hypothetical equal-energy source. 

D. Definition of the unit and scale of mesopic and scotopic lyn 
ance in terms of an incandescent lamp operating at 2,360° K colo; 
temperature. 

There have been attempts to make the standard photopic luminosity 
function (A) do. Each material characterized by radiant energy 
a new spectral composition requires the setting up and evaluation 
a new standard. For various samples of the same material, 
method gives useful comparisons; but because of the Purkinje eff 
photopic luminance of one material compared to another does » 
necessarily correlate with the observable brightnesses in the meso 
and scotopic regions of the materials. 

A better correlation is obtainable by arbitrary adoption of a p| 
electric procedure in which the source-filter-photocell combinati: 
approximately equivalent to the luminosity function somewhere \ 
in the mesopic range (B). It is obvious, however, that no one lumi 
itv function can be generally valid. 

The lamp illuminates the flashed opal diffusing glass screen 
which in turn illuminates a similar screen, S), the outer surfa 
which, viewed in the front-surface mirror, 4/4, forms the compar 
field of the photometer. The other, or test field, is the surface of | 
sample viewed directly. The luminance of the surface of S, fa 
the mirror depends upon the light reaching the surface toward § 
which is closely proportional to the product of the area of the ope: 
in the diaphragm D and the luminance of the surface of S, expos 
S2, since the distance between S; and S, is constant. The lumina: 
of the surface of S, away from the lamp is proportional to the ill 
nance of the surface toward the lamp which, of course, depends 
the distance between S, and the lamp. 

Procedures C and D are similar and give values of mesopi 
scotopic luminance that correlate well with brightness. The us 
of the hypothetical equal-energy source would bring a unique, ! 
simplicity to the general concept of luminance, but the predomi! 
opinion (see footnote 8) is that an incandescent-lamp sour 
2,360° K is more convenient in practice and, on that account 
erable for tentative standardization and use at the present 
By this choice the comparison source is assigned mesopic and scot 
luminances by the same methods (inverse-square law, sector-disk ! 
tions, aperture relations) used for photopic luminance. 


III. DESCRIPTION OF THE PHOTOMETER 
1. PHOTOMETRIC DETAILS 


The photometer is shown in figure 2. The views depart 
conventional drawing practice by showing the openings in th 
and diaphragms as in a section taken through the axis of th 
Otherwise, figure 2 shows conventional plan and elevation vir 
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Let the luminance of M, as viewed from the sight tube, be By, the 
reflectance of the mirror be r, and the luminance of the surface of g 
facing the mirror be B,. Then 


By=rb. 


The luminance B, is proportional to the illuminance £, on the surfy, 
of S; away from the mirror, or 


B,=k,F,, 
the constant of proportionality, k,, being characteristic of the tray 
missive properties of S,. Hence 


By=rkhiFr. 


However, £, 1s equal to the product of the area, A, of the opening; 
the diaphragm, D), and the luminance, B,, of the surface of S, faciy: 
S,, divided by the square of the distance, d,, between S, and S,, 


E _ AB,, 
a 
2 ad? 
and we accordingly have the expression 
rk,AB, 
eS ae 
dj 


for the luminance of the mirror. The luminance B, is proportions 
to the illuminance Z, on the surface of S,; toward the lamp, or 


B,=h, E,, 
where k, is characteristic of the transmissive properties of S,, whic 
gives us 
__ rk, Ak, E, 
di 
Finally, Z,=(J/d?), where J is the luminous intensity of the lamp, 
in the direction of S; and d is the distance of Z from S,, so that 
B _ tk, Ak I 
a Cd 
In this we see that r, k,, k,, J, and d, are fixed characteristics of a0] 


particular photometer and can be grouped under a single characteristic 
P, and hence we can write that 


By 


By,=P » 


, , * ait al 
The photometric scale is graduated from 20 to 0.5, and a set 0! 
diaphragms having holes with areas differing by factors of about! 
has been made. These were made with ordinary drills and ‘ea 
® Metric drills of 0.5, 1.6, 5, and 16-mm will give areas proportional to 0.25, 2.56, 25, and 256, prov'e ' 


accurately ground drills are available. For some purposes these area ratios may be sufficiently 
desired factors of 10. 


Jose tot 
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alibrated. The photometric scale and the ratios of the areas of the 
ppenings in the diaphragms overlap and values near the ends of the 
ceale can be measured by means of either of two diaphragms. The 
se of these mechanical means to control the luminance of the com- 
narison field gives a long range with no change in spectral composition. 
When the photometer is used without any of the removable dia- 
phragms, the maximum reading is more than 150,000 times the 
minimum reading with the smallest-aperture diaphragm. The 
opening in the metal plate holding S, is a limiting diaphragm when 
none of the removable diaphragms are used. 

The field is a plain elliptical field (diametrically divided circle 
viewed at 45°), the major axis being 1% inches long. The major axis 
oincides with the dividing line of the field, which usually is viewed 
s) that the two halves are seen side by side. Since the end of the 
sight tube is 4 inches from the mirror, the angles subtended at the 
eye by the field are 15 and 20 degrees for the minor and major axes, 
respectively. The mirror when placed as shown in figure 2 serves as 
a baffle to prevent any light from screen S; falling on the test surface. 


B By. the 
face of §, 


Le Surface 


he tran 


pening 
S, facin 
1 §;, 


2. MECHANICAL DETAILS 


The mechanical details may, of course, be varied to suit the maker’s 
materials and choice. The photometer used at the Bureau employs 
the box, track, lamp housing, and scale of a Sharp-Millar  photo- 
meter. The photometric cube and eyepiece were removed and the 
diaphragm-diffusing-screen arrangement described in the previous 
section installed. Since this type of photometer is no longer com- 
mercially available a description of the mechanical details will 
vrve as a guide for anyone wishing to construct one. 

The box (fig. 2) is about 4 by 4 by 22 inches. The lamp, Z, is moved 
by means of an endless cord which passes over a drum, Dr, which is 
tuned by the handwheel, H. The sight tube may be turned in its 
collar to view the test surface at various angles. In order to avoid 
erors due to light reflected from the interior of the box a series of 
baffles, B, made of fiber is placed between the lamp and the screen 
§,, and the interior is painted with a flat (mat) black paint. These 
baffles are carried on two light rods and are attached to each other and 
the lamp housing by cords. When the lamp moves toward S, the 
housing pushes the baffles successively in front of it and when it moves 
away from S, the cords pull the baffles one after another into their 
oginal position. The lamp housing carries an index, J, the shadow 
of which falls upon the translucent scale in the side of the box and 
thus there is no parallax. The scale is covered by red plastic to 
'S Of MMMM oreserve the dark adaptation of the photometric observer. This 
cterisiG@@ arrangement also makes it unnecessary to provide a light for reading 
the scale, which is a great convenience, and avoids the usual scale 
uarked on a space-wasting rod protruding from the box. Since readings 
ire taken in a dark room, no stray light will enter the photometer 
turough the translucent scale. It would be necessary to provide a 
‘utter to cover the translucent scale if readings were taken in a 
ighted room, the shutter being opened only to read the scale after a 
, me etting had been taken. 
nd they 2° 
"Elec. World 51, 181 (1908); Elec. Rev. (New York) 82, 141 (1908); Electrician (London) 60, 562 
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The lamp housing has a second index on the side opposite the gry 
index to facilitate the accurate positioning of the filament of the |g, 
at the unity mark of the photometric scale. The housing runs oy), 
track made of angle brass fastened to the sides of the box, The sing! 
wheel has a spring to force it against the track to prevent sidews 


motion. 
IV. SUMMARY 


A photometer, such as described in this paper, makes possible th 
determination of scotopic and mesopic luminance, such as that 
fluorescent and phosphorescent materials. The use of a com parisor 
field of color temperature 2,360° K and the mechanica: control of 
luminance of the comparison field are in accord with current Ame 
opinion on the datum and method of evaluating luminances ip {) 
mesopic and scotopic regions. Luminance so evaluated takes {] 
Purkinje effect into account and correlates perfectly with brightnes 
subjectively evaluated. 

The photometer has been used for nearly 3 years in routine measur 
ments of the luminance-time (brightness decay) curve of phosphore 
cent materials, as well as to determine both the luminance a 
chromaticity of the fluorescent light from papers impregnated 
coated with fluorescent chemicals, In measuring the luminance 
phosphorescent materials, different observers agree within about | 
percent in the region near 10 effective microlamberts, but the sprea 
between observers increases to about 25 percent when the luminand 
is in the region of 0.005 effective microlambert. The measurement 
fluorescent materials has not been extensive. However, some measur 
of the effect of color is given by tests of blue fluorescence at about | 
effective microlamberts where 4 observers made observations wit! 

little less than 25 percent and tests of yellow fluorescence whe 
with the same observers the results did not spread by as much as It 
percent at about 200 effective microlamberts. The use for determi 
ing chromaticity (whe re the spectral composition of the com paris 
source must remain constant while the luminance is varied) has be: 
so satisfactory at low luminances that a photometer has been design 
with a much wider range of luminance than the present photon 
possesses, This increased range will be adequate for measuring t 
chromaticity of nonluminescent materials in the photopic range 0 
luminance, 


WasHINGTON, January 27, 1945. 
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REEZING TEMPERATURE OF BENZOIC ACID AS A FIXED 
POINT IN THERMOMETRY 


By Frank W. Schwab and Edward Wichers 


ABSTRACT 


freezing temperature of benzoic acid is found to be reproducible with a pre- 
sion comparable to that of the ice point and somewhat superior to that of the 
leasury team point as usually observed in standardizing laboratories. For use in the 
sphor glibration of thermometric instruments the acid is contained in a partially 
vacuated glass cell provided with a thermometer well. When thus confinea, and 
ot heated excessively, the substance maintains a constant composition for long 
iods of time. When properly manipulated, the acid in a given cell exhibits a 
ance 0 freezing tempers ature reproducible from day to day within 1 millidegree. 
The triple point of pure benzoic acid is 122.362 0.002° C. Under a pressure of 
latmosphere of dry air the freezing temperature is 0.013 degree higher. Corre- 
nding elevations for oxygen and nitrogen are 0.001 and 0.015 degree, respec- 
y. The pressure coe fficient of the freezing te mperature is 0.039 degree/atm. 
he change in volume of the acid on freezing is —0.138 em*/g. The corresponding 
aiculated value for the density of the solid at the freezing temperature is 1.27 
gem’. The solubility of oxygen in the liquid at its freezing temperature, under 
spressure of 1 atm., is 0.132 g/1,000 g of acid; that of nitrogen is 0.073 g. 
4n appendix deals with a method of calculating temperatures, in the ranges 
-190° to 0° C and 0° to 660° C, from observations with a platinum thermometer. 
for this purpose power-series equations are used instead of the Callendar and 
Callendar-Van Dusen equations. ‘Tables are included to facilitate the compu- 
lation of temperature 


about : 
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VII. Appendix. Calculation of temperatures in platinum resistance ther. 
mometry (by Frank W. Schwab and E. R. Smith) _ 2 
1. Relation between the power series, Callendar and Callendar. — 

Van Dusen equations 


(a) In the range from 0° to 660° C__---..----- _ 369 
(b) In the range from — 190° to 0° C ne 
3. Procedure for the calculation of temperatures by use of the 
power series equations 


I. INTRODUCTION 


Temperatures in the range 0° to 660° C, on the Internation, 
Temperature Scale, are defined in terms of platinum resistance ther. 
mometers, of specified characteristics, by means of the equation 


R,=R, (1+ At+ BP). 


R, is the resistance at the temperature of equilibrium between ice and 
air-saturated water at normal atmospheric pressure, and A and 8 
are constants determined by calibration at the temperatures of con- 
densing water vapor and sulfur vapor, respectively, each under ¢ . 
pressure of 1 atm. The temperature of melting ice is relatively 
insensitive to variations of atmospheric pressure (0.0076 degree 
C/atm.), but the accuracy of calibration at the steam and sulfur 
points is limited by the accuracy which can be attained in making 
barometric measurements. The boiling temperature of water changes 
by 0.001 degree C with a change in pressure of 0.027 mm of mercury, 
Since barometric pressure measurements commonly are not made to 
an accuracy greater than about 0.1 mm of mercury in standardizing 
laboratories, the accuracy of calibration of platinum thermometers is 
limited to 0.003 to 0.004 degree C, except in a very few laboratories 
that are equipped for fundamental work in thermometry. The sulfur 
point, used with the steam and ice points to determine the constant 
in the second-power term in the equation, need not be fixed as accu 
rately as the steam point unless temperatures are measured near | 
sulfur point or in the range beyond it. 

A readily reproducible fixed temperature in the vicinity of 100° ©, 
insensitive to variations in barometric pressure, would be useful for 
the calibration of thermometers, even if it could not be reprodu 
more exactly than the steam point, because the calibration procedure 
would be greatly simplified if barometric measurements did not need 
to be made. The present paper deals with the use for this purpose 
of the freezing temperature of benzoic acid. The term “freezil 
temperature” is here used in preference to “freezing point’’ becaus 
as will be explained later, it is proposed to establish arbitrary cond 
tions of observation, which may cause the freezing temper: ture to 
fixed anywhere between the triple point (122.362° C) and the fre 
point (freezing temperature under 1 atm. of dry air, 122.375° C 

Experience with benzoic acid in another project! indicated t 
this substance possesses the properties required of a thermom 
standard, of which the more important are as follows: (1 Av aila- 

— 


! Frank W. Schwab and Edward Wichers, Preparation of benzoic acid of high purity, J. Research 
747 (1940) RP1351. 
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jJity in an adequate degree of purity; (2) sufficiently large latent 
sat at the change of phase; (3) adequate velocity of crystallization; 
4) existence in only one crystalline form at temperatures near the 
reezing point; and (5) stability under the conditions of use. Benzoic 
cid can be obtained commercially in a degree of purity better tha. 
995 mole percent, and the purity can be increased to 99.998 mole 
orcent or better by relatively simple laboratory procedures, most 
oadily by a method of fractional freezing described in a previous 
paper? The ecryoscopic behavior of the substance is such that 
H001 mole percent of impurity dissolved in the liquid acid (but 
psoluble in the solid) depresses the freezing temperature 0.00075 
looree C. Hence the attainable purity will permit reproducing the 
eezing temperature to within 0.001 to 0.002 degree C. The same 
mount of impurity causes the freezing temperature of the acid to 
hange 0.00075 degree C between 0- and 50-percent frozen. As will 
» shown later, variations in the proportion frozen can be held within 
small part of this range. 
ice and The heat of fusion of benzoic acid is reported to be about 140 j/g, 
and BiMor 150 j/ml, which is a little less than half that of water. Many 
of con-MMobservations made during earlier work show that the heat of fusion, 
nder afmmcombined with a high velocity of crystallization, is sufficient to main- 
ativelyfmmtain satisfactory thermal equilibrium between the solid and liquid 
efmmwhen the system loses heat at any reasonably slow rate. During 
these observations no evidence was ever obtained of the transforma- 
tion of the liquid to more than one crystalline form. 


II. MATERIALS, APPARATUS, AND PROCEDURES 
1. MATERIAL AND PROCEDURE FOR FILLING THE CELLS 


Lers 1s The benzoic acid used for the experimental work reported in this 

atories MM paper was prepared by fractionally freezing a quantity of commercial 
benzoic acid as described by the authors in an earlier publication.‘ 
Measurements of the freezing range,* when the acid was freed of water 
inamanner which did not cause the formation of a significant amount 
{benzoic anhydride, indicated that the acid used to determine the 
mproducibility of the freezing temperature was 99.998 mole percent 
pure. That used to study some of the properties of the acid was of 
smewhat lower purity. 

To avoid variations in freezing temperature which would have 
resulted from changes in the moisture content of air had the acid been 
frozen in open vessels, the acid was kept in sealed cells for all observa- 
tons of the constancy and reproducibility of the freezing temperature. 
These cells, shown in figure 1, were cylindrical in shape, 5 cm in diam- 
ter, and about 25 cm long. A thermometer well 8 mm in diameter 
ettended nearly the length of the cylinder, and an extension of the 
vel about 12 em long served as a handle. The capacity of each cell 
was about 425 ml. 
ee 


‘frank W. Schwab and Edward Wichers, Purification of substances by slow fractional freezing, J. Research 

NBS 32, 253 (1944) RP1588, 

* dee footnote 2. 

_'Frnk W. Schwab and Edward Wichers, Precise Measurement of the Freezing Range as a Means 

g the ey of a Substance, Temperature—Its Measurement and Control in Science and 
y, p. 256-264 (Reinhold Publishing Corporation, New York, N. Y., 1941). 
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Before the cell was sealed to the apparatus shown in figure 2, | 
380 g of the acid (365 ml), carefully fused in a beaker or other sy 
vessel and containing a small amount of water, was transferred to thy 
cell through a side tube. The volume of liquid acid was adjyss, 
so as to leave a free space of 50 to 60 ml in the cell. The acid Was 
allowed to freeze completely and the cell was sealed in place as sho 


A 























Ficure 1.—Benzoic acid fixed-point cell. 
7 ] 


well; C, cell proper; D, solid bénzoic acid; E, mixture of crystals 
J ? 


A, Side-tube; B, ihermeumete: 
F, solid benzoic acid; G, Dewar flask.} 


in figure 2, with the aeration-tube, B, completely withdraw! 
acid was melted again and tube B was inserted, through the si 


} +tan 
0) 


extended, into the liquid and adjusted with its end near the 
of the cell. The opening at K between B and the side arm ext 
was closed by forcing a short piece of rubber tubing over the ' 
tube and was finally sealed with pycene. With stopcock 
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epee’ 2 open to outlet 1, the liquid was saturated with air, 

Wi - dried over phosphorus pentoxide and free of carbon dioxide, 

r the necessary pressure into the system at H/. 

next ; stepe in the procedure were designed to remove the water 
hi always present when benzoic acid is fused in contact with 
rdinary air. Liquid benzoic acid saturated, at temperatures near its 
¢ point, with air having a partial pressure of 5 mm of water 
apor, contains about 0.06 mole percent of dissolved water. This 
mount of water depresses the freezing temperature between 0.04 and 
legree C. In addition to moisture gained from the air there was 


Apparatus for filling the benzoic acid fired-point cell and for determining 
water in benzoic acid. 
cid fixed-point cell; B, aeration-tube; C, manometer; D, trap of known volume; E, capillary 


G, vacuum connection; H, dry air source; K, rub ber- tubing-connection sealed with pycene; 
er for benzoic acid; 1, outlet for dry air; 2, 3, 4, etc. 2-mm stopcocks. 


vy some that had been added intentionally to convert to benzoic 
small amounts of benzoic anhydride which might have been 
d during the operations of purification. it was therefore neces- 
to dry the acid in the cells quite thoroughly to avoid excessive 
ences among the freezing temperatures in the several cells. This 
‘done by pumping off the ¢ gases evolved while the acid slowly froze 
cell. The evolution of dissolved oxygen and nitroge n he I pe d 
erlally to sweep out the water vapor. The acid was allowed to 
completely. ‘To keep it from freezing so rapidly as to entrap 
1of the evolved gases, it was warmed at intervals with the soft 
ofahand torch. The acid was again fused and saturated with 
During this operation much of the acid that had sublimed 
was previously freezing and had condensed in the cell side of 
erted U-tube, Z, melted and flowed back into the cell. The 

45 —4 
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acid was allowed to freeze a second time. This time the dischargs 
gases were pumped off through stopcock 2, which was open to th 
manometer, C’, and trap D with stopcock 6 closed. During the pump. 
ing the trap was cooled with liquid air. When the pumping was com. 
pleted, the trap was isolated from the rest of the apparatus, by clo. 
ing stopcocks 3 and 7, and allowed to warm to room temperatyp 
The known volume of the trap and the pressure indicated by the ms 
nometer gave a measure of the amount of water removed from the acid 
FE is a capillary receiver not used in this work and F is a guard trap 
This apparatus and its use are described in greater detail in another 
publication.® 

The amount of water removed during the second freezing was jy 
each case enough to indicate the need of fusing the acid a third tim 
After the acid was saturated this time with dry air, stopcock 9 was 
closed and the aerating tube withdrawn far enough to leave its tip 
opposite the 7 outlet toL. The opening at K was again sealed vac. 
uum tight in the manner previously described, and water, together 
with the atmospheric gases, was pumped from the acid while it was 
allowed to freeze. Not more than 0.0036 g of water, equivalent to 
about 0.006 mole percent or 0.0009 percent by weight, was pumpe 
from any of the cells during the third evacuation. Because of the 
relatively long time required ‘for the acid to fr eeze, a small part of this 
water may have formed as the result of the conversion of acid to 
anhydride. This behavior will be discussed in a later section of th: 
paper. 

The acid was allowed to freeze completely under vacuum, and thea 
to cool to room temperature. Dry air at a pressure of about 21 cmof 
mercury was then admitted, after which the side tube was sealed. 
Under this condition the pressure increased somewhat when the acid 
was fused because the increase in volume accompanying fusion more 
than offset the amount of air dissolved. When the acid began 
freeze, the pressure was about 25 cm, or one-third of an atmosphere. 
Because the volume of free space in the cells was not the same in each 

case, this pressure varied somewhat, by amounts not exactly known 
in the group of cells prepared for observations of the freezing 
temperature. 

Several other cells, filled in the manner described, were used for 
observations on the stability of the acid. Still another cell (fig. 4 
be described later, was provided with a side arm assembly consisting 
of a stopcock and a ball-joint connection so that various gases could be 
admitted at known pressures for observations on the effect of pressure 
and of dissolved atmospheric gases. The triple point of the acid was 
also measured in this same apparatus. 


+ Frank W. Schwab and Edward Wichers, A physical method for determining residual water and 
volatile materials in pure substances, J. Research NBS 33, 121 (1944) RP1600. 
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charged 2. APPARATUS[FOR MEASURING TEMPERATURES 
7 a The temperature measurements were made with platinum resistance 
as com. Mag thermometers of the coiled-filament type described by Meyers,° with a 
ry clos. ammresistance at 0° C of about 25 ohms. The outside diameter of the 
rater thermometers was about 7 mm and the length of the coiled filament 
the ms. fares 3 to 3. 5 cm. The resistances were measured with a precision 
he acid Mueller’ bridge of the type G-2, No. 8069, made by the Leeds & 
d trap (qgvorthrup Co. The apparatus was equipped with a switch ao 
anothe reversed the galvanometer current and thereby doubled the scale 
BB jefection caused by a given unbalance in the bridge. For convenience 
was in aigtbe bridge was connecte -d to a four-place selector switch. The galva- 
d time Ig pometer had a sensitivity of 10 mm/microvolt, a period of not over 6 
<9 was ymmseconds, a critical external damping resistance of not less than 50 
its tip ohms and a coil resistance of 23.5 ohms. The optical arm of the 
ed vac.fqggguvanometer was 5.5 m long. With a reversing switch on the bridge, 
ovether gg provided a scale deflection of 32 mm for an unbalance of the bridge of 
it was fgo.0001 ohm. It was thus readily possible to estimate changes in resist- 
lent to mmance to a few millionths of an ohm. All corrections were made to a 
yuMpec nilionth of an ohm in order to obtain an adequate measure of the 
of themmmreproducibility. 
; of this Before the series of measurements reported in this paper were 
acid to Mm made, the resistance bridge was calibrated by the Resistance Measure- 
of thegmmments Section of this Bureau, Two of the thermometers, 535 and 


618, together with the bridge, were calibrated at the steam point to 
1d then amg .0001 degree C by C. S. Cragoe and H. F. Stimson of the Heat 
tie Measurements Section, with a precision manometer by means of 


ny 
ag which the height of the mercury column was fixed with an accuracy 
he acd ain 1 micron, The sulfur point was determined in the regular 
n more fagay by the Thermometry Section, also of this Bureau. A much less 
an tog ccurate calibration was required at the sulfur point than at the 
sphere, mse point, since all of the temperatures measured were close to 
in each ---4° C. At this temperature, errors arising from an error of cali- 
known, fagation at the sulfur point are only about one-fiftieth of the error at 
‘reezine EE Sulfur point itself, The bridge and each of the thermometers, 
' 535 a id 618, were calibrated in the same way after the measurements 
sed forme rere complete 1d, to disclose, if possible, any changes in the resistance- 
» 4). to easuring equipment, T he other thermomete rs, 515 and 587, were 
sisting alibrated in the regular way by the Thermometry Section, before 


he measurements were begun, At the completion of the observa- 
ressurefam 008, theremometer 587 was also calibrated with the same accuracy 
eid wastage 089 and 618. The characteristics of the four thermometers, as 
determined by these calibrations, are given in table 1. 


ne 


ould be 


» and other . H. eyers, Coiled-filament resistance thermometers, BS J. Research 9, 807 (1932) RP 508. 
i ler, Precision Resistance Thermometry, Temperature—Its “see a6 Control In 
ik idustry, p. 162 to 179 (Reinhold Publishing Corporation, New York, N. Y., 
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TaBLeE 1.—Characteristics of thermometers 


Calibration by N B S— Date calibrated 


THERMOMETER 535 


Thermometry Section Nov. 17, 1938 0039243 
{July 30, 1941 00392454 
Heat Measurements Sectio1 ‘Dec. 3 and 4, 1941 , 003924453 
Jan. 22, 1942 00392452 


THERMOMETER 618 


Thermometry Section- -._. Aug. 4, 1941 
(Dec. 3 and 4, 1941 


2S > : Sacti ) 
Heat Measurements Sectior Jan. 22, 1942 


THERMOMETER 587' 


Irhermometry Section Sept. 27, 1940 
{July 30, 1941 
Dec. 3 and 4, 1941 


“at Measure Sectio 
Heat Measurements Sec ljan. 22, 1942 


THERMOMETER 515 


Thermometry Section Mar. 15, 1938. 
Heat Measurements Seciion 


*c is the fundamental coefficient of the resistance coil of the thermometer and may be expré 
Rio —Ro 
LWW Re ’ 
in which Rio and Roare the resistances of the coil at 100° and 0° C, respectively. dis alsoa 
is characteristic of the individual thermometer. It is determined by calibration at the ice, st« 
points. Both constants are for the Callendar equation, which is given in the appendix to this | 
The values for c and é given in line 1 under Aho - thermometer were determined in the regular \ 
Thermometry Section of the National Bureau of Standards. The values given for é in lines 2 a 
thermometer 618 and in lines 2, 3, and 4, under thermometers 535 and 587, were not detern 
computed from the new values of c, reported by the Heat Measurements Section and from the 
given in line l 
>» The constants reported for Sept. 27, 1940, and July 30, 1941, were obtained before the ther 
broken; the other constants were obtained after it was repaired. 
* No calibration 


3. PROCEDURES FOR MEASURING TEMPERATURES 


(a) AT THE BENZOIC ACID POINT 


The procedure usually followed in observing the freezing tempe! 
tures in the cells was as follows: The cell was heated in an elec! 
oven kept several degrees above the freezing point of the acid, usual 
at about 130° C. When the acid was completely fused and 
reached the temperature of the oven, the cell was removed and rat! 
vigorously shaken so that the acid cooled uniformly. More raj 
cooling at one point was caused by placing a cap of wet paper on U 
end of the side-tube (A in fig. 1). This caused a smal! amount ol § 
to crystallize and thus prevented excessive undercooling of thie ! 
of the liquid. If the crystals were not present, the acid sometim 
undercooled as much as 15 degrees C, and the amount of solid sud« 
formed was excessive. Normally, as the cell cooled, a mush of fn 
needle-like crystals appeared quite suddenly throughout the liquid 
Although only a small fraction of the acid was frozen, the cryst® 
were so well interlaced that they did not tend to settle out on su! 
sequent standing. The cell was then rolled up in a piece of soit cio! 
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placed in a close-fitting Dewar flask. The open end of the Dewar 
sk was packed with cotton to provide further insulation. Before 
the cell was put into it, the Dewar flask was warmed approximate ly 
» the freezing point of the acid by placing in it for 15 to 20 minutes a 
ompanion cell also containing freezing benzoic acid. This was done 
to prevent the rapid freezing of acid in the cell to be measured, which 
otherwise would have been caused by the loss of a considerable amount 
of heat to the cold flask. When the cell which was to be observed was 
» place in the Dewar flask, the resistance thermometer was inserted 
the thermometer well. After about 10 minutes, measurements of 
resistance Were begun. ‘They were continued at least until the resist- 
ance reached its maximum (usually within 30 minutes) and nearly 
always for a considerably longer period. In a number of instances 
wo sets of resistance measurements were made, one in which the 
hermometer current was 1.00 ma; the other, 1.41 ma. With the latter 
t the power input was twice that of the former. The difference 
n resistance between the two sets of measurements, when subtracted 
fom the resistance observed with a current of 1 ma, provided the 
rrection necessary to give resistances corresponding to zero ther- 
nometer current. 

Usually, observations were made on several cells in close sequence 
by connecting the several thermometers to the bridge in rotation by 
means of the selector switch. 

Temperatures corresponding to observed resistances were com- 

ited by the method described in the appendix to this paper. For 

servations of small differences in temperature, with a given ther- 
meter, it was not always necessary to compute actual temperatures. 
‘or these relative measurements it was often sufficient to observe 
changes in the interval between the ice point and the benzoic acid 
pint, since the change of resistance as a function of temperature in 

vicinity of the benzoic acid point was accurately known. The 
approximate coefficient was 0.0001 ohm/millidegree. 


(b) AT THE ICE POINT 


[he fundamental calibrations of the measuring instruments were 
le before and after the series of observations that gave the precision 
he benzoic acid fixed-point cell. In addition, observations at the 
nzoic acid point were bracketed between observations at the ice 
mnt, made the same day, in order to disclose and, if possible, to 
ct for any variation in the resistance-measuring equipment. 
Two o be nzoic acid points and three ice points were usually measured 
mth a thermometer during a day. 
Jleasureme nts at the ice point were made as follows:* Shaved ice 
tained from clear cakes was washed with distilled water. The mush 
vs thoroughly mixed in an open porcelain enamel pan to approach 
‘uration with air, and then transferred to a precooled Dewar 
lusk. The coil of the thermometer was immersed 20 to 25 cm, the 
tush was pressed lightly around the thermometer and measurements 
oe. } 
t ‘e point,” or temperature of equilibrium between ice and air-saturated water at normal atmos- 
sure, has been a basic fixed point in nearly all measurements of temperature. It was reported in 
a cal News Bulletin of the National Bureau of Standards, No. 305, p. 71 (1942), that for work of the 
%t precision it is desirable to avoid the small variations in the ice point resulting from contact of the 


with the atmosphere. For this purpose the triple point of water has advantages. A direct com- 
veen the ice point and the triple point for the same sample of water shows a difference of 0.00997 
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of the resistances were recorded when they became constant. As yw; 
the measurements at the benzoic acid point, observations were made 
with thermometer currents of 1.00 and 1.41 ma, to permit extrapolg 
tion to zero current. A correction for impurities in the ice was obtained ed 
from conductivity measurements of the ice water at the time of ¢qjj. 
bration and on other occasions when it was desirable to report temper 
atures to the highest accuracy. Clear ice was of high purity and th 
correction was usually not more than 0.00001 to 0.00002 ohm. 

In table 5 are given the resistances of thermometers 587, 535, 
and 515 as measured at the ice points during the time most of th 
measurements reported in this paper were made. These measur 
ments show the maximum variation observed during a period of aboy 
1 month. 


III. STABILITY OF BENZOIC ACID 


In the course of this work, benzoic acid was not found to under 
any measurable irreversible decomposition when heated at tempers 
tures below 150° C. Evidence of this will be presented later. How 
ever, the acid does undergo a reversible decomposition to benzoig 
anhydride and water. Since this reaction must be controlled if th 
acid is not to suffer a variable or progressive change in purity, and 
hence in freezing temperature, extensive observations concerning j 
were made. Some of these observations have been reported in a 
earlier publication. When the acid is enclosed in a sealed contain 
the water produced simultaneously with the anhydride cannot es 
cape, and the reaction therefore can proceed only until an equili els uN 
is reached. At the outset it was thought that the acid would hav 
to be brought to some state of equilibrium with the products of it 
own dissociation if reproducible freezing temperatures were to be ot 
tained. Accordingly, four cells were kept above freezing temperatur 
except during the short periods when observations of the freezin 
temperature were being made, until they reached equilibrium, : 
evidenced by constancy of the freezing temperature. This was d 
by keeping the cells in an electrically heated oven, in which mechan 
ical circulation of air kept the temperature constant within 1 degree 
The temperature of theJoven was intended to be about 10 degrees { 
above the freezing temperature of the acid. An actual measureme! 
made after the observations were begun showed the temperatu 
the oven to be 131.6° C. The observed freezing temperatures of fi 
cells are given in table 2. It will be noted that 10 days or long 
were required for the acid to reach equilibrium with benzoic aul 
dride and water. The slight variability in the observed temperature 
over longer periods, up to 8 weeks, is attributable to a lack ofr 
producibility caused by the presence of about 0.015 mole perc 
each of dissolved anhydride and water. The small differences in th 
total depressions observed in the several cells were probably caus 
by differences in the initial content of water or of anhydride r sulti 
from —* variations in the’drying of the acid when the ce 
were’ filled 


on 


* Frank W. Schwab and Edward Wichers, Preparation of benzcic acid of high purity, J. Research NBS 
747 (1940) RP 1351. 
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TABLE;2.—Stability*of benzoic acid at 131.6° C* 








‘ell 11 Cell 12 Cell 13 Cell 14 





| 
|| Timeat | * | Time at Time at 
Tr =|} is.6°C | Tr | 131.6° C Tr | 131.6° C 





° Oy | 
. 3558 122. 3565 


122. 342 
122. 338 
122. 338 














1,318 

1,361 | 
After re- | L 
version. | version. 








After re- || After re- 22. || After re- 122. 3600 
| version. || version. 
tt 











In column 1 under each cell is given the total time in hours that the cell was kept at 131.6° C. Proper 
dowance was made for each time the acid was frozen. The temperature of freezing (Tr°C) represents the 
muimum temperature observed. 


A few observations of the equilibrium established at 150° C showed 
that at this temperature the final concentrations of anhydride and 
water are approximately double those at 131.6° C, 

The last temperature recorded for each cell in table 2, designated 
‘ater reversion,’ indicates the freezing temperature after the com- 
pletion of the other observations and after the original condition of 
the acid had been restored. It will be noted that in the long periods 
wing which the cells were kept at 131.6° C, no measurable irrever- 
ible decrease in the purity of the acid occurred. The average devia- 
ton of the freezing temperatures at the end of the several periods 
fmm those at the beginning was 0.7 millidegree. 

Further evidence of the absence of thermal decomposition was 
wen by the behavior of one cell thatjwas kept;at 131.6° C for nearly 
iyear. The total depression of the freezing temperature observed 
ung this interval was 5 millidegrees. Since the thermometer used 
measure the freezing temperature at the beginning of the period 
ms subsequently found to be variable by more than 5 millidegrees, 
te change that may have occurred is not precisely known, but it 
viously was not large. The same cell was later kept at 150° C for 
wily a month. After the first few days required to establish the 
uhydride equilibrium, there was no further depression of the freezing 
emperature, which would have occurred had there been a measurable 
thount of thermal decomposition or of a chemical reaction with the 
tus of the containing vessel. From these results it may be conclud- 
“that benzoic acid is adequately stable for use in thermometry, 
ovided it is not heated for long periods at temperatures much above 
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150° C, and provided account is taken of the reversible format 
benzoic anhydride and water. 

During the observations made while the cells were kept at 131.4 
it was noted that the freezing temperature tended to rise if the 
was kept near freezing for longe r than the usual short periods reg 
for measurements. If all the acid in a cell was allowed | 


Ww 


slowly and then remelted for a short time, there was a ieatind ris 


in the freezing temperature. When this was repeated several tip 


LLLit'S 


the freezing temperature returned to that of acid containing 


anhydride, as shown in table 2. Obviously the acid in the cells wa 


reverting to its original condition. This came about for two reasops 


From the fact that the equilibrium concentrations of anhydride q 
water at 150° C were markedly greater than those at 131.6° ( 
follows that the equilibrium concentrations near the freezing te 


perature (122.4° C) must be lower than those at 131.6° C. This 


alone is probably not enough to account for complete reversion 


benzoic acid, although observations made at the freezing temperaty 
indicate that the equilibrium concentrations of water and anhydrid 


are lower than 0.003 mole percent eac ‘+h at this temperature. Th 


probable explanation of complete reversion of the anhydride 


water during slow freezing is as follows: As the acid freezes t| 


anhydride and water remain almost completely in solution in | 
liquid phase. As freezing progresses, their concentrations in | 
liquid phase progressively increase. If the eutectic temperatu 

the system is as much as 10 degrees C below the free zing point of 


acid, the initially minute concentration of the two “impurities” ma 
be multiplied some thousands of times before the liquid phase con- 


° rm: . . 
pletely disappears. This huge change in concentration causes t! 
rate of recombination to increase enormously. It is doubtless tr 


that the anhydride and water do not remain ideally in the liquid 
phase as freezing progresses, but this condition must be rather closely 
approached at the slow rate of freezing which occurs if the cell s 


kept in the Dewar flask. 


From the data in table 2 it can be estimated that the initial rate « 


formation of anhydride and water at 131.6° C is not great enoug! 


cause in 1 hour a lowering of the freezing temperature by as much 4 


tt, 


5 


1 millidegree. When a cell is prepared for an observation it takes on! 
a short time, at most half an hour, to heat the acid, once it is co! 
pletely fused, to a temperature a few degrees above its freezing poitl. 
As the rate of formation of the anhydride during the melting perio, 


which is considerably longer, must be much lower than at 131.6°C 


may be concluded that the total amount of anhydride and wate 


formed while the cell is being prepared for an observation is not enoug 


to depress the freezing temperature by as much as 1 millide 


Since even the minute amounts that are formed tend to revert | 
acid during the subsequent freezing, it is apparent that cells kept i 
room temperature during the periods between observations would» 
be unreliable because of the dissociation reaction. Because of th 


absence of appreciable amounts of anhydride and water as “impur't 
in such cells, the observed freezing temperatures would also be = 


sharply reproducible than in cells maintained above the freezing (! 


perature during the intervals between observations. Accordingly, 


subsequent observations of the reproducibility of the freezing temp 
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lidegres 
evert 


kept a 


ould nM 


ta I nection with this discussion, it may be pointed out that the direction and magnitude of the 


point. 


Freezing Temperature of Benzoie Acid 5 


were made on cells kept at room temperature when not in use. 
occasional exceptions, for example, when the formation of crystals 


was faulty, the period required to reheat the cell was very short.’ 


IV, REPRODUCIBILITY OF THE FREEZING TEMPERATURE 


jul 


After the acid in each of the five cells had been restored to the con- 
tion existing before the series of observations in which the cells 
kept at 131.6° C, a large number of observations were made to 
ine the reproducibility of the freezing temperature.'' Most of 
these observations were made during a period of 1 month. Four 
thermometers were used. Two of the thermometers, 535 and 618, 
calibrated at the steam point with the high degree of accuracy 
previously mentioned. This made it possible to assign absolute values 
to the observed temperatures, although the emphasis in this series of 
observations was on the constancy and reproducibility of the tempera- 
, particular cell as measured with a particular thermometer. It 
should be noted that the observed temperatures have no significance 
either as the triple point of benzoic acid or as its freezing temperature 
| atm of dry air, because the conditions in the cells were inter- 
mediate between these two defined conditions. The pressure in the 
cells was about one-third of an atmosphere, but there was some varia- 
tion in the pressure from cell to cell, and also in the purity of the acid 
the several cells, resulting from the way in which the cells were filled. 
Figure 3 * illustrates the course of measurements of a particular 
|. The lower curve represents observations made with a thermom- 
ter current of 1.00 ma and the upper one with 1.41 ma. The average 
difference between the two sets of measurements, when subtracted 
from those represented by the lower curve, would give an extrapolated 
curve of resistances with zero thermometer current.” 
In table 3 are given six sets of data, all for one cell, but obtained 
with three thermometers, similar to those used in figure 3 but extra- 
polated to zero thermometer current. 


re ol § 
] 
l 


te 


ft 
the acid anhydride and water in the interval between 150° C and the freezing 
t no measurable amounts of anhydride and water are likely to exist under equilibrium 
temperature 
expressed to J. L. Clark, of this Bureau, for his help during these observa 
vations in figure 3 were made by the Heat Measurements Section. 
nee with a paper by Mueller (see footnote 7), it has been customary to assume that, in the 
500° C, the temperature rise produced by a constant thermometer current is independent of 
ture and the medium in which the thermometer is placed. This is true only when the environ- 
the thermometer do not differ materially with respect to loss of heat at the temperatures being 
I ses where there is doubt as to whether the heating is the same at all temperatures or in 
t one temperature, the observed resistances may be corrected to those corresponding to 
ter current by making observations with two different thermometer currents. For example, 
nt of the thermometer in the measurements at the ice point reported in this paper, was shaved 
At the benzoic acid point the thermometer, inserted in the well 7 of the cell (fig. 1) was sep- 
the freezing mixture of benzoic acid by the Pyrex thermometer well and a thin airspace. Sub- 
Terence between the resistances observed when 1.41 and 1.00 ma were used, from the resistance 
n 1.00 ma was used, gave the resistance for zero thermometer current. The difference between 
bserved for each thermometer, 535, 618, 515 and 587, with thermometer currents of 1.41 and 
100209, 0.000184, 0.000167, and 0.000190 ohm at the benzoic acid point. The correspondine dif- 
ice point were 0.000133, 0.000108, 0.000119, and 0.000120 ohms, respectively. The validity of 
Nations is dependent on the assumption that the heat input and the temperature rise of the 
3 Varies as the square of the current, which was verified by making measurements with 
currents of 0.50, 1.00, ¥ 2.00, and 2.00 ma. It is interesting to note that if the temperature 
acid point had been calculated from the resistances observed with 1.00 ma as the thermometer 
benzoic acid point would have been in error by at least 0.5 millidegree (thermometer 515) and 
8 millidegree (thermometer 618). With a thermometer current of 2 ma, the error would 
id 3.2 millidegrees, and larger for higher thermometer currents 
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TIME MINUTES 
Fiagure 3.—Constancy of temperature in a benzoic acid fixed-point cell. 


Lower curve, Thermometer current 1.00 ma; upper curve, thermometer current 1.41 ma. 


TABLE 3.—Constancy“of temperature in a benzoic acid fixed-point cel 


Thermometer 587 Thermometer 535 Thermometer 


l'empera- 
ture 


Date Time | Tempera- Date 


°C 

122. 3577 | 
22 122. 3596 
34 122. 3600 
45 122. 3601 | K 
58 122. 3601 j 22. 3625 13, 1941 
82 122. 3600 Aug. 7 
W4 122. 3599 
108 122, 3599 
118 122. 3599 | 
178 122. 3599 } 122. 3626 


Aug. 15, 1941 


| | 122. 3605 
122. 3622 
| | 122. 3626 | 
| : 527 
| Aug. 12,1941 {| a oo 
122. 3630 
122. 3630 
122. 3630 





*Sept. 29, 1941 


* The thermometer was warmed to a temperature near the freezing temperature and then quick 
in the cell. 
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122. 36146 
4 leviation_. 0. 00036 
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| Maximum | Variation 

| 60 to 120 
minutes 


°C 

0. 0005 
0005 
0007 
goo2 


O45 
00014 


—a—) 


». HO02 
0003 
0001 
0001 


0. COO 1s 
0. GOOD. 


0. 0004 
0001 
0. 0002; 
0. OOOls 








Cell 12 


Aug. 20, 1941 
Aug. 21, 1941. _. 
Aug. 25, 1941. _- 
Sept. 3, 1941. 


Average 


Average deviation ..- 


Dec. 9, 1941. 


Aug. 26, 1941 
Aug. 27, 1911 
Aug. 29, 1941 
Sept. 12, 1941. 


Average.. 


Average deviation... _. 


Aug. 28, 1941 
Sept. 2, 1041.... 


A verage. 


Average deviation __.. 





tem per- 


? 
| Maximum 
ature 


3589 
2. 3600 
3504 
3593 


Nop 
pord es 


x 


x 


122. 35940 
0. 00036 


122. 3601 
122. 3610 
122. 36055 

0. 00045 


Variation 
60 to 120 
minutes 


°C 
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0007 


. 0003 
. 0005 
. 0003 
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OOOls 


0007 
0007 
00038 
0001 
0004; 
00025 


007 
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00045 
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TABLE 4.—Precision of benzoic acid fixed-point cells 











Cell 13 





| Maximum 
| temper- 
|} gesture 


Date 


| 


THERMOMETER 535 





| °C 
Aug. 13, 1941 122. 3616 
Aug. 22, 1941 122. 3611 
Aug. 26, 1941 122. 3611 
Sept. 2, 1941 122. 3606 
Average 122. 36110 


Average deviati n.- 0. 00025 


Dec. 10, 1941 * 122. 3612 


THERMOMETER 618 


Aug. 20, 1941 122. 3615 
Aug. 21, 1941 122. 3617 
Aug. 27, 1941 122. 3618 
Aug. 28, 1941 122. 3611 
Average... 122. 3615, 
Average deviation-_- 0. 0002 


THERMOMETER 515 


122. 3617 

122. 3833 
~ 122. 36250 
00089 


Aug. 29, 1941 
Sept. 13, 1041 


Average 
Average deviation... 0 








. 3572 
41 — 3571 
Ml oxse 122. 3576 







Average deviation... 0. 00025 











A 122. 35739 


‘ not included in the averages. 


0. 0001 
. 0001 
. 0002 


0. 0001; 
0. 00004 


Aug. 22, 1941 


122. 3549 


0 


00u5 


THERMOMETEK 


122. 3577 
122. 3576 
122. 3582 
122. 35783 

0. 0002, 


Aug. 11, 1941 
Aug. 12, 1941 
Aug. 25, 1941 


Average 
Average deviation 


Variation 
60 to 120 
minutes 


°C 

0. 0001 
0005 
0003 
0003 


TT 0036 
OOOle 


). 0003 
Ooo1 
05 
1001 


(W025 
OOO Ls 


0. 0007 


0004 


0. 00055 
) OOOls 


Date temper- | 60 to 120 
ature minutes 
°C | °C 

"Aug. 20, 1941 122.3635 | 0.0001 
Aug. 21, 1941 122. 3635 . 0005 
Aug. 27, 1941 122. 3635 0002 
Aug. 29, 1941 122. 3632 . 0003 
Average 122. 36349 0. 0002, 
Average deviation 0.00012 | 0. 00015 
Aug. 12, 1941 122. 3637 0. 0008 
Aug. 25, 1941 122. 3634 0005 
Sept 1941 122. 3627 0003 
Sept , 1941 122. 3634 0000 
Average 122. 36336 0. C004, 
Average deviation 0. 00036 0. 00025 
Aug. 28, 1941 122. 3640 0. 0001 
Sept. 9, 1041. 122. 3638 . 0000 
Average... . . 122. 36395 0. 00005 
Average deviation... 0. 000le 0. 00005 
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Cell 11 Cell 12 
| | | 
| Average Benzoic . Average Benzoic 
Date | Ice point | ice point | acid point | 4k Date Ice point | ice point | acid point 
‘ | ' 
THERMOMETER 535 | THERMOMETER 535 
Ohms Ohms Ohms Ohms |, Ohms Ohms Ohms 6 
25. 483892 |), - . i 4 . {25. 483816 ||. 2047 7 e2n[TT ‘ 
Aug. 22, 1941 : 28 483891 |/2°- 483891 | 37. 680482 | 12. 196591 | Aug. 20, 1941 125. 483873 {2° 483847 | 37. 680377 
25. 483779 = 2 on i} P /25. 483864 _ on . , 
Aug. 26, 1941 -1\25. 483818 }25. 483799 | 37. 680400 12. 196601 Aug. 21, 1941 125. 483891 2s, 483878 | 37. 680306 1: 
(25. 483885 on 4 — P 25. 483777 ‘ 
Aug. 27, 1941 12.402 }2s. 483804 | 37. 680581 | 12. 196687 |) Aug. 25, 1941 foo Geers ” 483726 | 37.680191 | 1: 
25. 483935 — mene || o 25. 4838389 - = @ , 
Sept. 13, 1941 ton anoeer }as. 483041 | 37.680646 | 12. 196705 | Sept. 3, 1941 (2s. = has. 483887 | 37.680418 | 1: 
Average 25. 483881 | 25. 483881 | 37.680527 | 12. 196646 | Average 25. 483835 | 25. 483835 | 37. 680346 : 
Range ..| 0.000168 0. 000142 0. 000246 0.000114 ||} Range 0. 000216 0. 0OO161 0. 000227 ( 
Average devia- 0. 000041 0.000036 | 0. 000086 0.000050 || Average de via- | 0.000050 | 0.000054 | 0.000077 
tion. tion. 
j | | 
THERMOMETER 618 | THERMOMETER 618 
=_ —e SEE —_ a — 
| 25. 678982 - Sag , (25. 578852 oa? on oe 
Aug. 28, 1941 \25. 578908 as . 578990 | 37. 819871 | 12. 240881 Aug. 26, 1941 \25. 578863 a 37. 819487 1: 
{ 25. 578957 = 7 ‘ 7 25. 578888 - - _ 
Sept. 2, 1941 -1\25, 578960 }as. 578959 | 37.819849 | 12. 240890 | Aug. 27, 1941 125, 578056 }25. 578922 | 37.819682 | 1% 
{25. 578936 . en - p 2 _|f25. 578954 —— _ - P 
Sept. 3, 1941_____.|13° Fr aaas }2s. 578910 | 37.819765 | 12.240855 | Aug. 29, 1941... .|{3>- S7ROOS \}25 578958 | 37.819675 | 1 
25. 578947 - ‘ . , 25. 578974 7 ois sia , 
Sept. 17, 1941__._|{25- S789" |\os, s7soss | 37.819855 | 12. 240807 | Sept. 12, 1941 {25. sregae |}25- 578980 | 37.819699 | 1: 
Average 25. 578954 | 25. 578054 | 37.819835 | 12. 240381 || Average 25. 578929 | 25. 578930 | 37.819636 | 13 
Range 0.000115 | 0.000080 | 0.000105 ).000042 |} Range -| 0.000134 | 0.000122] 0.000212 ri 
Average devia- | 0.000024] 0.000022] 0.000025 ).000013 || Average devia- | 0.000046 0.000040 | 0.000074 ri 
jon. tion. 
THERMOMETER 515 THERMOMETER 515 
ee La paren ik aaa RN Hr mo. | a el ER Te 
25. 48329 - » emnee | "| sree 25. 483: eee ee 
Aug. 29, 1941 -|\25. 483265 7 483230 | 37. 673587 | 12. 190307 | Aug. 28, 1941 125, 483332 a 483316 | 37.673537 | 12 
« }/25. 483326 ioe sone ar eTa7m | | |{ 25. 483259 ||, . > amen 
Sept. 12, 1941 125, 483316 |{2> 483321 | 37. 673701 | 12. 190380 || Sept. 2, 1941 |\25. as216 |f? 5. 483238 | 37. 673530 | 12 
| — . | ih : a 
Averago | 25. 483301 | 25. 483301 | 37. 673644 | 12. 190344 || Average | 25. 483277 | 25. 483277 | 37. 673534} 1: 
Range 0.000061 | 0.000041 0. 000114 ).000073 || Range | 0.000116 | 0.000078 | 0.000007/ ¢ 
Average devia- | 0.000021 | 0.000021 | 0.000057 ). 000036 ! Average devia- | 0.000039 | 0.000039 | 0.000004/| 0 
tion. | j tion. 
aaa <spiieatieentl ae 
THERMOMETER 587 | THERMOMETER : 
5. 567004 t # 1} liom sevyey “| 
Aug. 20, 1941 25 sarta7 [/2% 567121 | 37. 805281 | 236100 || Aug. 22, 1941._..]/52" e004. | 25. 567150 | 37.903100 | 12 
OF B71 47 ‘wea 
Aug. 21, 1941 ae DOTA | \95, 567155 | 37. 803319 | 12. 236164 
Aug. 25, 1941 > in 1} 567031 | 37. 80311 45 12. 236144 || | 
Average -} 25. 567102 | 25. 567102 37. 803253 2541 
Range -| 0.000175 | 0.000124 0. 000159 0020 
Average devia 0. 0V0050 0. 000048 0. 000062 W000 
tion. 














TABLE 5. —Measur rements 8 of the ice and benzoic acid points 
























































Cell 13 
" sain i Average Benzoic re ae es 
enzo | AV B 1Z0 
cid point aR Date | Ice point ice point (acid point 4k Date Ice p 
35 THERMOMETER 535 TH) 
Ohms Ohms Ohms Ohms Ohms Ohms Ohi 
= ape ‘ . | {25. 483897 37 . — . f25. 48 
7.680877 | 12196890 || Aug. 13, 1941 = }2s. a8ag00 | 37.680002 | 12196763 |) Aug. 20, 1941... |{35- 48 
7. 680396 | 12, 196518 || Aug. 22, 1941... co ooo 5 483874 | 37.680581 | 12. 196707 || Aug. 21, 1941....|{25 #8 
| (25. 483818 to a . f25. 48 
7.680191 | 12. 196465 || Aug. 26, 1941... |) 55° goago7 |}25. 483823 | 37. 680502 | 12. 196679 |) Aug. 27, 1941....|)95° 4g 
= 6 | | { 25. 483903 " ; sane |i P {25. 48 
7. 680418 12. 196531 | Sept. 2, 1941 -1\25. 483891 2s. 483897 | 37. 680570 E 12. 196672 | Sept. 29, 1941 125. 48 
7. 680346 12. 196511 || Average -| 25. 483873 | 25. 483873 | 37. 680579 12. 196706 ] Average | 25. 48 
0. 000227 0. 000066 Range nae 0.000085 | 0.000076 0. 000160 0. 000091 | Range . 0. 00 
0. 000077 0. 000023 || Average devia- 0.000029 | 0.000025 | 0.000043 0.000030 || Average devia- | 0.00 
tion. | | tion. | 
EE ™ x = 
i 
618 THERMOMETER 618 | THE 
andi aieiuitiaptiaaciaiiitiils anaes || ____ - 
7.819487 | 12. 240629 || Aug. 20, 1941. .|{25 S78U89 | los s7goas | 37. 819862 | 12. 240919 ie Aug. 12, 1941. ..|{25- 57" 
1} a. a 
7.819682 | 12 240760 || Aug. 21, 1941. ..|{25- S780ns }25. 578961 | 37.819910 | 12 240949 |] Aug. 25, 1941 ta po 
on om | —_ 
- - , on on | /25. 578956 |) - | ae o« | ‘ 25. 57% 
7.819675 | 12. 240717 |) Aug. 27, 1941. ...|\95° s7aggg |/25- 578958 | 37. 819912 | 12. 240954 | Sept. 2, 1941... ..1)55" 575 
7 . oom (25. 578998 low no ” Se ‘ f25. 57+ 
7.819699 | 12. 240719 Aug. 28, 1941. -|\25. 578978 {25. 578988 | 37. 819890 | 12. 240902 | * ept. 12, 1941 125. 57: 
= Ml Se fas a aR aaa Ras Seacaass 
7. 819636 12. 240706 Average .| 25 578963 25. 578963 | 37.819894 | 12. 240931 | Average | 25. 578 
0. 000212 0.000131 || Range : 0.000059 | 0.000045 | 0.000050 0. 000052 || Range -| 0.00 
0. 000074 0.000039 | Average devia- | 0.000015 | 0.000013 0. 000018 0.000021 || Average devia- | 0. 00 
tion. tion. 
. ee: eee | } . ae 
' 
5 THERMOMETER 515 THE 
| a ere | | - ne 
7 avecaz | 14 | ae f25. 483265 || e971 | a7 ATeR ‘ ‘ ‘ f25. 483 
7. 673537 12. 190221 Aug. 29, 1941 ~|\ 25. 483277 {25. 483271 | 37. 673629 12. 190358 |} Aug. 28, 1941 125. 483 
” A728 , — . , (25. 483235 |). "= ———— — 25. 483 
7. 673530 | 12. 190292 || Sept. 13, 1941 95, 483243 | [20 483239 | 37. 673739 | 12. 190500 || Sept. 9, 1941 ty 33 
7. 673534 | ‘12. 190257 Average 25. 483255 | 25 483256 | | 37. 673684 12. 190429 |} Average 25. 483 
0. 000007 | 0. 000071 Range . 0. 000042 0. 000032 0. 000110 0.000142 || Range .| 0.00 
). 000004 0.000036 | Average devia- 0.000016 | 0.000016 | 0.000055 0. 000071 Average devia- | 0. 006 
tion, tion, 
7 THERMOMETER 587 THE 
et (2 eR L me ec aa Sean p me 
7. 303100 | 12, 235950 | Aug. 11, 1941 coe sore |/25. 567149 | 37.803374 | 12. 236225 || Aug. 13, 1941 toyed 
Aug. 12, 1941 tH 25. 567115 | 37.803311 | 12. 236196 || Aug. 22, 1941 beg 
Aug. 25, 1941 (= 567091 |{2>: 967048 | 37.803274 | 12236226 || sa, 05. 567 
Range 0. OO 
A verage 25. 567104 | 25. 567104 37. 803320 12. 236216 Averag lev 0. OOF 
Range 0. 000146 0. 000101 0. OOOLO0 0. 000030 tion 
Average devia- 0. 00004 0. 000037 0. 00003 0.000013 











Cell 14 Cell 15 





Average | Benzolc 


| Average | Benzoic 
ice point j acid point | | Ice point 


| lee point | acid point 
| 


oint 





tRMOMETER 535 THERMOMETER 535 


ns Ohms Ohms | Ohms | Ohms 


Ohms | Ohms 
3878 1. , on , |{25. 483890 || - . 
{25 483885 37. 680828 12. 196043 || Aug. 11, 1941 125. 483860 | j3 483875 | | 37. 680761 


3892 
S891 {35 483834 \ | 
” 483867 i 483851 | 37, 680735 


S899 (25, 
if; 25. 483675 
f 
| 





has 483805 | 37. 680845 | 12. 196950 || Aug. 12, 1941 


}25. 483807 | 37. 680848 | 12. 196051 || Aug. 25, 1941 }\25. 483750 | 37. 680657 


$902 

i891 25. 483825 || 

3919 |), ‘ on ae | | 25. 483937 
j25 483906 | 37. 680833 | 12. 196027 Aug. 28, 1941 25 483030 | 


1892 37. 680889 


25. 433852 | 25. 483852 | 37. 680761 


- -|————_|- —} 
3806 | 25. 483806 | 37.680839 | 12.196043 || Average 
0. 000262 | 0.000184 | 0.000232 


041 | 0.000021 0.000020 | 0.000024 || Range 
009 0. 000006 0. 000008 0.000008 || Average devia- | 0 000056 | 0. 000052 | 0. 000040 
| | tion. 


| 
| 
| 
}2 
7 


RMOMETER 618 THERMOMETER 618 


T 





i] > 
i nie —— , ed ~ 25. 579018 |) 
25. 578892 | 37. 820009 12. 241117 1] Aug. 13, 1941 125. 579015 if 
- i (25. 578954 |) 
37. 819022 | 12. 241064 | Aug. 22, 1941 125. 578911 |j 
ao poe rf, . | (25. 578863 llow nvaara | a7 ia 
578963 | 37.820009 | 12. 241046 | Aug. 26, 1941 125. 578894 | (25. 578879 37. 819979 


- Saeko | | (25. 578962 |lor a P 
578084 | 37.820110 | 12.241126 ! Aug. 29, 1941. ~-l\25. 579023 | )25. 578993 | 37. 820122 


‘870 
vl4 
SOS 
907 


j 25. 579017 | 37. 820166 
\ 
j 
950 || 
j 
| 
j 


25. 578933 | 37. 820070 


965 
G86 
QS2 | 


- —|—— anaseinaniana 


578024 | 37.820012 | 12. 241088 || Average. ______| 25. 578956 | 25. 578055 | 37. 820084 
178 000126 0. 000188 0.000080 || Range _...-| 0.000160 | 0.000138 | 0. 000187 
000049 0. 000049 0.000033 || Average dev ia- | 0.000050 | 0.000050 | 0. 000060 

| tion. 


RMOMETER 515 THERMOMETER 515 








| {25. 483278 ||. ee 
125. 483298 |(2>- 483288 | 37. 673923 


7.673825 | 12. 190561 || Sept. 2, 1941___. 2s. tasa7y |}25 483270 | 37. 673825 


7. 673911 12. 190599 || Aug. 27, 1941 


25. 483288 | 37. 673868 | 12. 190580 Average 25 483279 25. 483279 37. 673874 
0. 000048 0. 000086 0. 000038 Range ..-| 0.000037 0.000018 | 0. 000008 
0. 000024 000043 0.000019 || Average devia- | 0.000010 0.000009 | 0.000049 


RMOMETER 587 THERMOMETER 587 


37. 803630 | 12. 236450 || Aug. 15, 1941 25. 567135 2 |? 25. 567134 | 37. 803587 
37. 803578 12. 236438 Aug. 18, 1941 25. 5 567191 (25. 567169 37. 8035; 
- eo 567121 lor aes ~~ 
0 | 37.803604 | 12 236444 || AUS. 20, 1941 5 567175 [f2> 967148 | 37. 803504 
100040 0. 000052 0. 000012 5. 567163 s sane 


Aug O7177 a7 42 
000020 0. 000025 0. 000006 Aug. 21, 1941 5. 567191 , _ 


A verage 95. 567157 | 25. 567157 | 37. 803599 

Range | 6.000070 0. 000043 0. 0000 

Average devia- | 0.000024 0. OOOOLSB 0. 000025 
tion, 
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ible 4 are recorded the systematic observations of five cells 
four thermometers. In addition to the date of each measure- 
there are given the maximum observed temperature and the 
on during the time interval 60 to 120 minutes. Also given are 
verages of each set of measurements with a particular cell and 
nometer and the average deviation of these measurements. 
these averages are single measurements of each of four 
thermometer 535, and measurements of one cell (15) with 
the four thermometers, all made about 3 months after the 
At that time (Dec. 18, 1941, table 4) thermometer 587 had 
. calibrated at the steam point with the same accuracy as 
618, hence the measurements made with the three ther- 
rs are directly comparable. 

a few days toward the end of the period during which the 
matic observations were made the humidity became so high 
t had a significant effect on the behavior of the bridge and gal- 
er. This was apparent from erratic observations of the ice 
Only those measurements that were unmistakably unreliable 

\is cause have been excluded from table 4. 


RELATIVE REPRODUCIBILITY OF THE ICE POINT AND THE 
BENZOIC ACID POINT 


able 5 the resistances observed at the ice point and at the 
: acid point have been listed to show the relative reproduci- 
ties of these two fixed points. The average of the average devia- 
us of the difference of resistances between the ice and benzoic acid 
ts is 0.000025, ohm. The greatest difference between any two 
servations of the resistance, in a set of observations with one 
mometer, was 0.000262 ohm at the ice point (cell 15, thermometer 
and 0.000246 ohm at the benzoic acid point (cell 11, ther- 
Hi r 535). 

he average of the average deviations obtained from the respective 
ages of each set of observations is 0.000032, ohm at the ice point 
ad 0.000043, ohm at the benzoic acid point. These two averages 
n about the same ratio to each other as that of the respective total 
wistances, 25 to 37 ohms. This suggests that the main source of 
wiability in the observations, both of the ice point and of the benzoic 
| point, may have been in the bridge. If this was true, both fixed 
its were reproduced with about equal precision, and possibly with 

ater actual precision than is shown by the recorded resistances. 


2. COMPARISON OF THERMOMETERS 


table 6 the average maximum temperatures observed in each 
with each thermometer have been combined to show the differences 
‘ween observations of a particular cell with all possible pairs of the 
thermometers. It will be seen that the differences between ther- 
meters 535 and 618 are the smallest. As previously noted, these 
meters had received the specially accurate calibration at the 

im point. The other two were calibrated in accordance with the 
practice of the Thermometry Section. In view of the repro- 
bility of the freezing temperature of each cell, as shown by table 4, 
'may reasonably be concluded that the comparisons of all other 
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pairs of thermometers reflect uncertainties in the calibratioy 
resistance thermometers as normally practiced. In view of 
known reproducibility of the ice point, nearly all of the uncertainy 
must result from observations of the steam point. Assuming no erry 
in calibration at the ice point, the interpolated error at the stey 
point is four-fifths the error at the benzoic acid point. These wy 
tainties are no larger than can be expected from the errors 
barometric measurements. The largest difference, that bet, 
thermometers 515 and 587, corresponds to a difference of 0.09 ny 
in the respective barometric readings. 


TABLE 6.—Comparison of thermometers * 
| Tsss— Tse Tus—Tossr | Tas—Tsss | Tas— Toe 


os | Cc "| Cc 

0. OO3SI1s 0. 00375 0. 0O006e 0. 0041 
00438 00450 . 0001, OO56s 
0032, OO36e 0004, OO467 
O034s5 00335 0001 00395 
00335 0036s 0003 00415 


Average. . 0. 0035 0. 00379 0. 0002) 0. OO45¢ 
Average deviation 0. 00034 0. 0002s 0. 0002; 0. 0005 
| 


® Tis the average maximum temperature of a set of observations as given under each of the 
4. The subscripts to T define the thermometers with which the measurements were made 


3. COMPARISON OF CELLS 


In table 7 the data of table 4 are combined so as to show 
ferences between the maximum temperatures of all possible pa 
cells as measured with each of the four thermometers. The g 
difference between any pair (cells 12 and 15) is 4.2 millidegr 
the smallest (between cells 14 and 15) is 0.05 millidegree. 
viously noted, these differences are to be attributed partly 
ferences in the amount of benzoic anhydride or of water cont 
in the acid as the result of variations in the conditions under 
the cells were filled. The differences may also result in part {1 
differences in pressure of atmospheric gases in the cells when fre: 
begins. Although the pressures were nearly the same in all of t! 
cells when they were sealed at room temperature, the pressures ¢ 
fered at the freezing point because the volume of free space (vap 
space) was not closely controlled and the expansion which oc 
as the cells were heated to the freezing temperature of the acid caus 
relative differences in the volumes of the free space. These dill 
ences between the freezing temperatures in different cells can 
doubtedly be made smaller by more careful control of the in 
factors. The freezing temperatures can also be brought very 
to a defined temperature, most readily to the triple point, by prop 
attention to the factors of purity and of pressure existing within | 
cell when freezing begins. 
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TABLE 7.—Comparison of cells * 


Tui Tu— Tu) Tis— Tu) Tis— Tia} Tuas— Tr Tis— Ti} Tus — Ti3| Tis— T 

Cc >¢ C °C a ak °C | a) Cc 
0.0011 0. 00065; 0.00295) 0.00289) 0.00182) 0.00419) 0.00397) 0.00239) 0.00215 4). 0001 
-. 0016s 00047 00225 0025: 0021, 003909 . 00415 .OO178 O02. 00028 

OOORs OO] 0025 . 0026s . 00195 00335 . WO35e 0014 OO1Ss OOOl1s 

OO24e 0005 002g 00260 . 0021, 00207; —. 0000 
0.00122) 0.00066 0.00257; 0.00265; 0.00196) 0.00379) 0.00388) 0.00199) 0.0019 0. 0002, 
0. 0002s) 0.0002;; 0.0002); 0.00008! 0.00019) 0.00029; 0.00025) 0.0003; 0.0002 0. 0001, 


| 


aximum temperatur fa set of observations as given under ea 
ripts to T' define the cells with which the measurements were ! 


onnection with the foregoing discussion, it may be of interest 
amine more closely the behavior of a cell as illustrated by figure 3 
itable 3. It will be noted that some 35 or 40 minutes elapse before 
temperature becomes constant within a few tenths of a millidegree 
normal course of observations. The lag of the thermometer 
ot account for more than a fraction of this interval, possibly 10 
The remainder of the lag is believed to have the following 
ation. Although the solid and liquid phases are brought very 
to equilibrium by shaking the cell as the crystals form, a slight 
ire from equilibrium near the wall of the thermometer well 
s when the thermometer is placed in the well. Loss of heat to 
rmometer causes a thin film of solid to form on the wall. 
;s the acid is ideally pure this separation of crystals from the now 
ritated liquid will lower the purity of the liquid in the region 
itely adjacent to and in contact with this thin film of solid. 
process of diffusion, possibly aided by slow convection within 
uid, the composition of this liquid layer gradually approaches 
f the bulk of the liquid. As this goes on, the freezing tempera- 
ses until there is no further change in composition. A substan- 
stant temperature is then maintained for a while. This 
g is supported by the observations made with thermometer 
Sept. 29, 1941 (see table 3), which were obtained under condi- 
s different from normal. The thermometer was warmed at the 
ng temperature in an auxiliary cell and then quickly transferred 
115. Under these conditions only a small quantity of acid froze 
nd the thermometer well, with a correspondingly smaller change 
neentration of impurity in the layer of liquid bounding this solid. 
| be noted that in this instance the temperature rose to within 
vy tenths of a millidegree of the maximum in a much shorter time 
sual, 
line from the maximum temperature, as shown by the curves 
ure 3, comes about from one or both of two causes. One is the 
ising concentration of impurities in the liquid as freezing pro- 
es from the outer wall of the cell toward the thermometer well. 
ther, and possibly the more significant one in this instance, is 
wering of pressure within the cell as freezing progresses. The 
raction of the liquid on freezing is greater than the volume of 
spheric gases discharged by the liquid as it freezes. Hence there 
t decrease in pressure and, as will be shown in a later section 
‘is paper, a lowering of the freezing temperature. 
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In cells to be prepared in the future it is proposed to use a m 
lower pressure of gas, so that the effects of a change of pregsy 
during freezing will be minimized." 


V. FREEZING TEMPERATURES OF THE PURE ACIp 
UNDER DEFINED CONDITIONS 


In addition to the group of cells used for the study of the repy 
ducibility of the freezing temperature, one cell was prepared for 
measurement of the freezing temperature of the acid under kno 
pressures of oxygen, nitrogen, and a mixture of these gases. 1 


== > 
S o 


J | 


A 














ert 
Figure 4.—Cell used for observations of the freezing temperature under 


conditions. 


A, Movable ball-joint connection; B, trap; C, air condenser; D, capillary tube (2 mr 


triple point of the acid and the variation of the freezing temperat 
as a function of pressure were also measured in this cell. The: 
shown in figure 4, differed from the others in that it could be attach 
to a source of variable pressure of selected gases. The capil 
4 ©, 8. Cragoe and H. F. Stimson in unpublished observations at the triple point of water, made in4 
similar to that shown in figure 1, froze a thick layer of ice around the thermometer well and then, > * 
ing the well, melted a thin layer next to it. This provided a surface at equilibrium temperatur 
ice and liquid water which had been purified by the process of freezing. This surface almost entire’ 
rounded the thermometer and hence controlled its temperature. This technic may prove advan\™ 
with the benzoic acid cell but has not yet been tried. A similar technic was suggested by W.?.' 
J. Am. Chem. Soc. 56, 20 (1934). 
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tions of the connecting tube retarded the tendency for benzoic 
1to sublime out of the cell when molten, and the larger portions 
d as condensers for the small amount of vapor that did pass the 
laries. The spherical joint, A, made it possible to rock the tube, 
lesired, while it was connected to the system for supplying gases 
. measuring the pressure. 
When the acid in this cell was to be prepared for an observation, it 
ss meltedf{withfa‘flame rather than in the oven. Care was taken to 
st the acid slowly and uniformly so as to avoid overheating it. To 
t the desired mush of crystals in the liquid, the cell was manipu- 
ted in the manner previously described, with the additional detail 
t capillary D was kept cool, so that crystals of the acid would 
sllect at this point andjkeep}liquid from flowing into the trap or to 
estopcock while the cell was being shaken. The cell was kept in a 
viously warmed Dewar flask during the temperature measurements. 
ther details of the manipulation required by special conditions of 


i 


bservation will be given in the appropriate paragraphs. 
1. DETERMINATION OF THE TRIPLE POINT 


prepare for the determination of the triple point the acid was 

| of water and atmospheric gases by evacuation of the cell while 

sacid was allowed to freeze slowly. The melting and freezing were 

ted until no further change of pressure occurred when the cell 

connected at A (fig. 4) to an evacuated system connected with a 

rury manometer. Once the cell was freed of gases in the manner 

ed, it did not require attachment to the gas-supply train during 
bservations of the triple point. 

e triple point was measured on three consecutive days and twice 

about a month later. The two later measurements were made 

n series of observations of the freezing temperatures under 

yen and nitrogen. They served as a check on the absence of any 

nificant change in the composition of the acid which might have 
sulted from the repeated meltings. 

The five observations of the triple point are given in table 8. It 
be noted that the range of the five observations, including the 
made after several measurements had been made under other 
tions, is 0.9 millidegree, and that the changes during the series 
‘not progressive. ‘The small random variations possibly can be 

ribed to differences in the fraction of acid frozen, that is, to the 

{that observations were not made each time at exactly the same 

nt in the freezing range of the slightly impure acid. 


TABLE 8.—Triple point of benzoic acid 


Triple point 





| 
°C 
Sept. 23, 1941 22. 361s 
Sept. 24, 1941 : 2. 3623 
Sept. 25, 1941 | 22. 362; 
Oct. 21, 1941 | 2. 3614 
Oct. 24, 1941 | 2. 3623 


Average 
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The acid used for these measurements was known to ¢ 
a small amount of impurity. To make the necessary cory 
of the triple point, the freezing temperature of the acid in this 
under 1 atm of dry air was compared with that of acid of known 
also under 1 atm of dry air and observed in another apparat 
will be + ae in a later section. The freezing tempe ratur 
acid used for the triple-point measurements was 6 millidegrees 
that of the pure acid. The amount of impurity, confirmed 


measurement of the freezing range, was found to be 0.0084 » 


percent, which corresponds to a lowering of the freezing temperat 
6 millidegrees. This correction has been applied to the tempe: 
in table 8. By adding an uncertainty of 1 millidegree invo 


the triple-point measurements to the uncertainty of 1 millide 


attached to the freezing temperature in dry air of the pur 
value of the triple point of pure benzoic acid can be given as 122 
+(0.002° C., 


2. FREEZING TEMPERATURES UNDER DIFFERENT PRESSURES 


OXYGEN AND OF NITROGEN 


To measure the freezing temperatures in equilibrium with s 
pressures of oxygen or nitrogen, the acid in the cell was first f) 
gases in the manner described in the preceding section. Wit! 
acid in the cell at room temperature, gas was admitted at a sel 


yressure, which, after a few trials, bore a known relation to the press 
t 


which would exist in the cell after it was isolated from the train 


the acid had been melted, shaken long enough to insure satura 


with gas, brought to the standard conditions for observations 
freezing temperature, placed in a Dewar flask, and then shake: 


minutes longer to insure equilibrium, When the freezing temperat 


reached its maximum value, the actual pressure in the cell was c! 
by setting the manometer to the predicted pressure and then « 
the stopcock, The change in the manometer never exceeded 3 
centimeters, The pressure in the cell was computed from the 1 
eter setting (predicted pressure), the observed pressure after t! 
was opened to the manometer, and the known volumes of 1! 
space in the manometer and in the cell." 

The oxygen and nitrogen used for these measurements wi 


spectively, 99.87 and 99.74 percent pure, as determined from analy 


made by Martin Shepherd and Shuford Schuhmann of t 
Chemistry Section of this Bureau. Both gases contained 
argon, Other impurities consisted primarily of oxygen in the nit 
and of nitrogen in the oxygen. The gases were dried over phos} 
pentoxide but not otherwise purified, Each gas was introduc 


the cell in three successive steps, up to a maximum pressure oO! ao 


2 atm. Between the two series of measurements, the tripl 
was redetermined to make sure that no change in the purity 
acid had occurred. The results of the measurements are giv 
the third column of table 9 and in curves B and D of figure 5 

5 The ratios of the gas space of the system to the gas space of the cell o./e. and of the gas : 
nometer to the gas space of the cell v./7. were found to be 2.17 ard 1.17, respectively. These rt 
constant over the range of pressures measured. The pressure in the cell was computed fro: 

Pe=2.17P.—1.17 pm, 


in which p.= pressure in the cell, p» = pressure o the manometer and P, = pressure in t! 
consists of the cell and the manometer. 


grede 


Cervhee 


Degrees 
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60 80 100 120 0 160 
Gas Pressure 7 em Hg 





Difference between the triple point and the freezing temperature of 
in equ tlibrium with variable pressures of nitrogen, of oxygen, and of 
effect of pressure on the freezing temperature. 

B, equilibrium with nitrogen; C, equilibrium with air (21 percent of oxygen and 79 per 
ymputed from the observed values for oxygen and for nitrogen; D, equilibrium with 
rved freezing temperature of benzoic acid (122.375s;° C) in equilibrium with air under @ 
lcm of Hg (table 9). 
3—— 9 
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recorded temperatures include the correction of 6 millideers 
impurities in the acid, as described in the section on the trip| 


TABLE 9.—Freezing temperature of benzoic acid in equilibrium with oxya 
and air and the solulility of oxygen and of nitrogen in liquid benzo 


freezing temperature 


nperature | Gas pres- 
n | 


A ng sure ® 


AIR CALCULATED FROM 


20.0 
40.0 
60.0 
76.0 
80.0 
100.0 
120.0 


’ 


point 


C 
0. 0065 
0165 
0303 


0. 0002 
ool 
U0S35 


0. 0030 


Degrees 
ve triplk 


pressure 
effec t) b 


NITROGEN 


OXYGEN 


0. 0223 
0384 
0731 


0102 
0205 
0307 
O389 
0410 
0512 
0614 


St (freezing Mole { 
point . 


lowering tion x 


Cc 
0.0109 
0262 


0457 


0221 29.5 
0373 49.7 
0693 92 


OXYGEN AND NITROGE 


140. 0 022: 0717 


AITR-EQUILIBRIUM MEASIT 


~— 
122. 3745 4 76.0 0125 0389 


122. 3752 | 80.1 0.0132 0.0410 ) 


® The values reported in this column are those for nitrogen, oxygen, and air, respective 


by subtracting the vapor pressure of benzoic acid at the triple point (4 mm of Hg) fr 
observed. 

b These values were obtained by multiplying column 2 by the observed pressure « 
degree C per centimeter Hg (table 10). 

¢ All of the gases in air other than oxygen are included with nitrogen 

4 Interpolated 


By interpolation from the data, the freezing temperatures o! 
acid under 1 atm of oxygen and of nitrogen are respectively 0).0 
0.0159 degree C above the triple point. The similar valu 
calculated from these data (21 percent of oxygen and 79 pe! 
nitrogen) is 0.012, degree C (see table 9). As will be noted | 
directly observed value for air was 0.012; degree C 


3. VARIATION IN THE FREEZING TEMPERATURE AS A FUNCI 
OF PRESSURE 


ty 


In order to determine the solubility of oxygen and ni 
benzoic acid from the effect of varying pressures of these gases 
freezing temperature, separate measurements of the effect of p 
were necessary. These were made as follows: When certai! 
observations of freezing temperature in equilibrium with » 
pressures of a gas were completed, the pressure of the gas 1 t! 
was suddeniy changed to some higher value. This produced an 
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ous change in pressure but did not for some time alter the con- 
sation of gas in the portion of the liquid around the thermometer 
j especially in the region near the thermometer coil. This lag in 
hange of concentration of the gas was caused by the long path 
ch which gases dissolving at the upper surface of the liquid 
ji have to diffuse to reach the level of the thermometer coil. 
was taken not to agitate the cell during these observations. The 
in temperature caused by the change in pressure usually was 
te within 3 minutes and always within 5. The change wasshown 
reversible by observations made when the sign of the pressure 
was reversed. The observed effects of these changes in pres- 
given in table 10. In the first column of table 10 is given 
ssure in centimeters before and after the pressure was suddenly 
|. The pressure interval is given in column 2 and the corre- 
ng change in observed temperature in column 3. The changes 
zing temperatures for a change in pressure of 1 cm and of 1 atm, 
ilated from the observed values, are given in columns 4 and 5, 
table 10. The pressure coefficient is 0.038,° C per atmosphere, 
wn in curve A of figure 5. 


10 Effect of pressure on the freezing temperature of benzoic acid 


} 
| 
y Change of 
Change « eee 
pressur bd AT/APX10-5 emperature 
AP per atmos- 
phere | 
—; ——__—____— 
Cc '‘Cicem Hg Clatm | 
0.0286 50. 0.0383 
0156 | . 039; 


— 044, +51. + .0393 
60.3 


A verage 51.2 038s 


OLUBILITIES OF OXYGEN AND OF NITROGEN IN BENZOIC ACID 


column 4 of table 9 are given the interpolated values of the 
tof pressure corresponding to the pressures at which the system 
bserved in equilibrium with oxygen and nitrogen. By sub- 
tng the “‘elevation of the triple point” (column 3) caused by a 
pressure of gas at equilibrium from the corresponding elevation 
vd by pressure as such (column 4), the depression of the freezing 
perature caused by the dissolved gas is obtained. These values 
nin column 5. The corresponding mole fractions of dissolved 
nin column 6 were calculated on the basis of the equation " 


AtL, 
* RT? 


lh « is the mole fraction of the solute; 7; is the freezing point 
pure substance on the Kelvin scale; At=7,,—T7;, where T; is 
uitial freezing temperature (the temperature at which an 


Schwab and Edward Wichers, Precise Measurement of the Freezing Range as a Means of 
Purity of a Substance, Temperature—Its Measurement and Control in Science and 
256-264 (Reinhold Publishing Corporation, New York, N. Y., 1941). 
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infinitely small quantity of solid is in equilibrium with the solutioy 
Ly, is the molal heat of fusion of the pure substance; and R is thy 
constant. The solubility under a pressure of 1 atm, also showy 
figure 6, is 0.132; and 0.073, g of oxygen and of nitgrogen, re spectin 
per thousand grams of acid. From figure 5 it will be seen tha 
solubility of each gas appears to increase slightly less than in 
proportion to its increase in pressure. It is believed that the meagy 
ments were made with sufficient accuracy to justify this conclysip 
In view of the slight bearing of these observations on th prin . 
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Figure 6.—Solubility of oxygen, nitrogen, and air in benzoic acid at t 
temperature. 


A, Solubility of oxygen, determined; B, solubility of air (21 percent oxygen and 79 percer 
puted from the determined solubility of oxygen and of nitrogen (table 9); C, solubility 
mined. 


object of this investigation, it did not appear justifiable to spe 
time which would have been required to check the results by du 
measurements of solubility. 


5. FREEZING TEMPERATURE UNDER ONE ATMOSPHERE OF Dk 
AIR 


The apparatus shown in figure 4 was used to determine the ! 
temperature of the acid in equilibrium with air, The side ar 
cell was cut below D and a fritted-glass bubbler, which extended 
bottom of the cell, was inserted. It was attached with : 
arranged so that air could be forced into the liquid and out 
ceil through a stopcock open to the atmosphere, Although liquid 
solid acid were in the cell in about the same proportions as thos 
ing during observations of the freezing temperature, dry air was p* 
through the cell long enough to insure a close approach to equilib 





Freezing Temperature of Benzoie Acid 357 


dissolved oxygen and nitrogen under a combined pressure of 1 
. The stopcock was then closed and the freezing temperature 
beorved in the usual way. The freezing temperature was 122.375,° C, 
»4 the simultaneously measured pressure in the cell was 80.5 cm of 
oreury (table 9 and fig. 5). During these observations the tempera- 
ve of the upper end of the cell was probably slightly higher than it 
oe while the air was being swept through the cell, hence the pressure 
~» slightly above 1 atm, The freezing temperature corrected to 
a was 122.3745° C. 

determine the freezing temperature of benzoic acid in equilibrium 
rin another manner, a different form of apparatus was used. 


his apparatus, which has been described in an earlier publication ” 
shown in figure 7. It was designed for measuring freezing ranges. 
thermometer was centered in a cylindrical glass freezing tube 2 
in diameter and about 25 cm long, provided with a glass jacket 
hat could be evacuated if desired. The thermometer was supported 
ra ground-in glass head provided with an outlet tube for the passage 
fair from the freezing-range cell. The tip of the thermometer was 
it 2 cm from the bottom of the cell, and the depth of the liquid in 
he cell was 20 cm. Just above the bottom of the cell was a glass 
bbler of the type described by Branham and Sperling ® with orifices 
t 0.003 in. in diameter. The bubbler was provided with an inlet 
passing through the double-walled vessel and connected to a 
of purified air dried over phosphorus pentoxide or conditioned 
ontain a desired partial pressure of water. 
(he freezing temperature of a portion of acid of high purity was 
sured as follows: While the acid was being melted in the ap- 
is it was stirred with air saturated with water at 0° C. It was 
n brought to a temperature about 10 degrees above the freezing 
mperature and thoroughly treated with air saturated with water 
(-25° C. Air saturated at this temperature contains a partial 
ressure of water vapor of about 0.5 mm of mercury, which is 10 
mes as much as is needed to cause virtually complete reversion of 
azoic anhydride to benzoic acid.'* The cell was then transferred 
an oil bath that was kept 8 degrees below the freezing point of 
The acid undercooled about 0.5 degree C. When crystals 
iddenly formed, the temperature rose to within a few millidegrees 
i the equilibrium temperature in less than 2 minutes. About 5 
nt of the acid was allowed to freeze, and then the temperature 
eo bath was quickly raised to the freezing temperature of the 
and kept constant within 0.01 degree C. This prevented 
formation of solid and allowed the thermometer to indicate 
temperature of equilibrium. The freezing temperature under 
ese conditions was 122.369,° C. Next, the acid was stirred with 
dried over phosphorus pentoxide until the temperature rose to a 
stant value at 122.374)° C, representing equilibrium in contact 
yair. This required 40 minutes, and observations were con- 
lor 30 minutes longer. Thereafter the air used for stirring 
tained a partial pressure of water vapor of 4.6 mm of Hg, corre- 


ith 


b and Edward Wichers, Precise Measurement of the Freezing Range as a Means of 
Purity of a Substance, Temperature—Its Measurement and Control in Science and 
Reinhold Publishing Corporation, New York, N. Y., 1941). 
and E. O. Sperling, Bubbler tip of Pyrez glass for difficult absorptions, J. Research N BS 
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freezing temperature in equilib 
ng the purity of the acid. 


sponding to saturation with water vapor at 0° C, whereupon the! 


ing temperature fell to 122.343,° C. 


when the mixture of solid and liquid acid was in equilibriu! 


The two temperatures obs 


air containing partial pressures of water vapor of 4.6 and 0.5! 
Hg, offered a means of extrapolating to the freezing temperall 
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brium with dry air. The extrapolated temperature was 122.373° 
‘which agrees sufficiently well with the observed temperature 
-drv air to indicate that the acid, when thus observed, did not 
a significant amount of benzoic anhydride. 
these observations were completed the purity of the acid was 
by measuring its freezing range in the same apparatus 
procedure previously described.” Its purity was found to be 
.mole percent. The presence of 0.001, mole percent of impurity 
an initial 5 ie of the freezing temperature of 0.001, 
ee C, or of 0.001; degree C at the point in the freezing range 
5 percent of the substance is frozen. This correction was there- 
applied to the observed freezing temperature of the acid 
C), giving a value for pure benzoic acid of 122.375,° C, 
estimated uncertainty of +0.001 degree C 


THAT ACCOMPANIES FREEZING 


The change in volume when benzoic acid freezes is of interest in 
nection with its behavior in the sealed cells. No data were found 
ie density of solid benzoic acid at or near its freezing point, and 
) apparently reliable values for the density of the liquid at that 
wrature. Observations by Timmermans and Burriel* on the 
| at 130°, 155°, and 180° C permit extrapolation to the freezing 
mperature. The respective values for the density are 1.07494, 
5218, and 1.02942 g/ml. Extrapolation to the freezing temper- 
gives 1.0819 g/ml. In this calculation the freezing temperature 
en by Timmermans (122.45° C) was used so as to minimize the 
fect of possible systematic errors in the other temperatures. 
There are no data for the density of the solid acid at temperatures 
than 23.3° C. The only available coefficient of expansion ” 
- the mteroal between 15° and 30° C. This value is probably in 
ror fventcn its calculation involved Lumsden’s * determination of 
lensity at 15° C (1.266 g/em*), a value which appears to be less 
rate than the one published by Hendricks and Jefferson ** 
211+0.0001 g/em*® at 23.3° C). It was accordingly impossible 
make any reasonably good extrapolation to the density of the 
i acid at its melting point. The change of volume on freezing 
hs, therefore, calculated from the recorded value for the heat of 
sion per gram AH/,;, 1,400 cc-atm, the observed preseure coefficient 
he freezing temperature A7'/AP, 0.038,° C/atm, and the freezing 
rature of the acid 7’, 395.6° K, by means of the Clausius- 
yron equation 
AP AH, 
AT T(v.—2,)' 
wab and Edward Wichers, Precise Measurement of the Freezing Rang 
e Puri ty of a Substance, Temperature—Its Measurement and Control ir 
256-264 (Reinhold Publishing Corporation, New York, N. Y., 1941 
ermans and F. Burriel, ‘Recherct es sur les propriété de quelques combinaisons organiques, 
rature ordinaire, Chimie & Industrie, Special No., p. 196-7, March (1931 
th, The Seoamnaiten of the coefficient of cubical erpansion of solid benzoic acid by means of a 
meter, BS J. Research 7, 903 (1931) RP382 
Scott Lumsden, The physical properties of heptoic, herahydrobenzoic, and benzoic acids and their de- 
I Soc. 87, 90 (1905) 


ndricks and M. E. Jefferson, Anisotropy of molecular crystals. 1. Experimental, J. Optical 
23, 299 (1933). 
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in which 2, is the specific volume of the liquid form, and 2, that of; 
solid. The shrinkage which occurs on freezing, thus calculated ; 
0.138 cm'/g. The corresponding calculated value for the density 
the solid at the freezing temperature is 1.27 g/cm*. 
The foregoing calculated value for the density at 122.37° ¢ 
the value of Hendricks and Jefferson for the density at 23.3° ¢ 
as the coefficient of cubical expansion, for the 99-degree inten 


0.00040 per degree. 


Acknowledgment is made for the advice and many helpful suges 
tions received from members of the Heat Division, in particu 
E. F. Mueller, C. S. Cragoe, H. F. Stimson, and C. H. Me 
Thanks are also expressed to C. L. Gordon for preparing the drawing 


VII. APPENDIX 


Calculation of Temperatures in Platinum Resistance Thermomet 
By Frank W. Schwab and E. R. Smith 


The Callendar equation has been used for more than a half cent 
for the computation of temperatures. During all these years | 
was little need for a departure from its use, but recently when 
appreciated that precision platinum resistance thermometers mig! 
calibrated at temperatures other than the ice, steam, sulfur, » 
oxygen points, it became clear that a direct application of the fund 
mental equations offers advantages. 

The fundamental equations can be modified in a regular manner: 
improve their application to the computation of temperatures 
the range from 0° to 660° C, one modification of the funda 
equation is described in this section. In the range from —190 
C, two forms are given, of which the second is the more suitable! 
solution by the use of a slide rule. 


1. RELATION BETWEEN THE POWER SERIES, CALLENDAR, AN 
CALLENDAR-VAN DUSEN EQUATIONS 


The international scale of temperature between 0° and 661 
defined by the resistance R, of a platinum resistance thermomete! 


means of the formula 
R,=R,(1+At+BP), 


for which the constants, Ry, A, and PB are determined from measi 
ments of resistances at the melting point of ice, the boiling pow! 
water, and the boiling point of sulfur. From —190° to 0° | 

temperature scale is obtained from the resistance by the fon 


R,=R,{1+ At+ B+ C(t—100) FI, 


in which the constants Ry, A, and BR are the same as in formula! # 
the constant C is found from a measurement of resistance 4 | 
boiling point of oxygen.” 


% Compt. rend., Eighth General Conference of Weights and Measures, (Paris, 1933). 
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National Bureau of Standards certificates for platinum resistance 
opmometers report only values for the constants R), c, and 6 for 
» Callendar formula 


R,—R, ft zt 
sa 1007 —B +4 709- 1 500 
, which the value to be used for (Rig— Ro) is given by 
(Rio —Ro) = 100cRp. 


he value of the constant 8 may also be given for use in the Callendar- 
an Dusen equation 


_ san Bi—Ro t )¥. a! ats) 
1=100p 7 +4 95-1 i00 > 00? 100 (3) 


temperatures below 0° C. 


Equations 1 and 2 are the fundamental international equations. 
he constants for them can be computed from those of the equivalent 
mms of the Callendar and Callendar-Van Dusen equations. Rp, 
{ course, remains the same for all. The relationships between the 
pstants are readily obtained by writing the complete fundamental 
uation, 2, in the form 


R, 
Ry 


nd the Callendar-Van Dusen equation in the equivalent form 


a 5 cé\, (cB - 
Ria=1+4 14759!) —( £5 )it—100)¢. (5) 


ince these equations are equivalent, comparison of coefficients gives 
6 cé —cB 
A=d 1+-——= an —=—15 Can ——r* ; 
: z ina) B=— sv C= 793 (6) 
he constants of the Callendar and Callendar-Van Dusen equations 
terms of those of the fundamental equations are 
10‘B 10°C 


c=A+100B, = —— » p= - (7) 


=1+ At+B’+C(t—100)# (4) 


INTERPOLATION OF TEMPERATURES BY USE OF THE POWER 
SERIES EQUATIONS 


The power series equations can be expanded to make them more 
ful for the computation of temperatures by successive approxi- 
itons. A simple graph together with a short table obviate more 
i One computation for a precision of the temperature within 
WOT? C46 


the precisions of the computation of temperature referred to in this appendix are dependent only 
nethod of computation. Other errors, such as errors of calibration, have been discussed by Brick- 

“ce and Hoge, and others. Harold J. Hoge and Ferdinand G. Brickwedde, Intercomparison of platinum 
mance thermometers between —190° and 445° C, J. Research NBS 28, 217 (1942) RP1454. 
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(a) IN THE RANGE FROM 0° TO 660° C 


With a calculating machine, the fundamental equations , 
used as conveniently as the Callendar and Callendar-V 
equations to compute te mper atures from resistances. For eX9 
equation 1 can be written in the form 


R, : ii (R,/Ro)—1 
(7p 1) t(A+ Bt) and t= ALB 


If ¢, is a first estimation of the temperature, 


(R, R,)— 
A+ Bt, ” 

etc. 

When the measured temperature is between 0° and 100° ¢ 

first estimated temperature, ¢,, is correct to within 1° C, one so 
of equation 9 yields the correct temperature to the nearest 0.0 
In the range between 100° and 660° C, two successive solutions 
sufficient for this accuracy. 


Better convergence can be obtained by the formula 


f (R,/R.)—1)+Bt 
. A T 2Bt, 


which can be derived from _ ition 1 by the Newton-Raphson: 
of series approximation * or, less elegantly, by adding R,/ 

side of equation 1. With cine 10, if the first estimat 
temperature, ¢t;, is correct to within 2° C, the first solution of the 
tion for t, yields the temperature correctly to within 0.001° C oy 
complete range of validity of equation 1. The first estimatior 
can be made to within 2° C from a rough plot of R; with res 
To make this plot, values of R, for t=0°, 100°, 200° 

can be quickly tabulated by little more than inspection of t! 
mental formula R,—R)(1+At+Bet*). The results are plott 
scale such that 1 mm=1 degree and 0.1 ohm for a 25-ohm t! 
eter. With sufficient accuracy the plot is taken as linear 01 
100-degree interval. Then only one computation with equatio 
needed to find the correct temperature to within the pre 
calibration of a platinum resistance thermometer. 


(b) IN THE RANGE FROM —190° TO 0° C. 


Equation 2 can be solved approximately to obtain 


(R,/Ro)—1 


4+ Bt,+ Clt,- 100) # 


for temperatures below 0° C. For measurements with a 
thermometer and with an initial estimate of the temperat 


’ 


correctly to within 1° C, the first temperature computed by eq 
1 differs from the correct temperature by 0.003° C at —25° ‘ 


#7 See also, Scarborough, Numerical Mathematical Analysis, p. 178, Johns Hopkins Pres 
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--° (Jat —190° C. The second computation, using the first as the 
ated value, is correct to better than 0.001° C between 0° and 
1 is in error by only 0.004° C at —190° C. 


140 ana 


When equation 2 is treated by the Newton-Raphson method, there 


btained 


_(GelBo ~1)+BR+C(3t,—200)8 | - 
A+ 2Bt, + C4, —3008 12) 


is equation appears unwieldly but is quite simple to use with the 
id of am iodern calculating machine and will yield over the complete 

»nge of 0° to —190° C temperatures correct to the nearest 0.001° C 
n the first computation when the initial estimate, ¢,, is correct to 
thin 2 degrees. If 0.005° to 0.01° C is sufficient precision, the initial 

timate need be correct to within 5° C. 
n equation of the same form as equation 12 but a little simpler in 
nal terms of the numerator and denominator can be found by 
-nC(t—100)# to each side of equation 2, written in the 
-1=At+ h?P+C(t—100)#. Then, on solving approxi- 
: there is obtained 


(a: Ba) —1) + + Bi +nO(t,—100) 


. 2Bt,-4 (n+1)C (t, —100)& (13) 


it has been found that equation 13 gives as satisfactory con- 
eas equation 12 when n is assigned the value of 2.64, so that 
13 becomes 


((R,/R,) —1)+Be@+ El(t,/100) —1# 
= ? 


A+2Bt,+ F[(é,/100) — lt " 


h E=264C and F=364C, 
: following procedure is recommended for the calculation of 
eratures by means of either equation 12 or 14. 


PROCEDURE FOR THE CALCULATION OF TEMPERATURES BY 
USE OF THE POWER SERIES EQUATIONS} 


Obtain the initial estimate of the temperature, correct to within 
C from a very simple graph of R plotted with respect to ¢t. This 
is made to a scale of 1 mm=1° C and 0.1 ohm. The point for 
-190° is connected by a straight line to the point for t=— 100°. 
itter is connected by another straight line to the point for t=0° 
temperature corresponding to any resistance in the range covered 
read from the plot to within 2° C for use as ¢, with either equa- 
2or 14. If equation 12 is to be used, values of the temperature 
ms useful for a quick computation are taken from table 11. 
juation 14 is preferred, table 12 is used. In either case the follow- 
thod is rapid. 
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TaB_e 11.—Data for computing temperatures in platinum resistance thermonen 
by the equations ! 


— UR Re)—1)+ BE 
A+2Bt, 


ABL 











and 


in the ranges of temperature from 0° to 190° C and 0° 


_ (Ri Ro) — 1) + BE+C3t,— 


200) t? 





A+2Bi,+C(4t4— 


— 800) @ 


to —190° C, respectively 











1 See footnote at end of table. 


t e e 7) 
- ip — (4-300) io? (8-20) 

’ 0. — 0. anate 0. meecets | 0. 000000000 

0 

2 2 1 4 2 
3 3 3 9 6 
4 4 5 16 14 
5 5 8 25 27 
6 6 12 36 {7 
7 7 16 49 76 
8 8 21 64 115 
9 9 27 81 165 
10 10 34 100 230 
11 11 42 121 310 
12 12 50 144 408 
13 13 59 169 525 
14 14 70 196 664 
15 15 81 225 827 
16 16 93 256 1016 
17 17 106 289 1233 
18 18 121 324 148] 
19 19 136 361 1763 
20 20 152 400 2080 
21 21 169 441 2436 
22 22 188 484 2832 
23 23 207 529 3273 
24 24 228 576 3760 
- 25 25 250 625 4297 
26 26 273 676 4886 
27 27 297 729 5531 
28 28 323 784 6234 
29 29 350 841 7000 
30 30 378 900 7830 
31 31 407 961 8729 
32 32 438 1024 9699 
33 33 470 1089 10745 
34 34 504 1156 11870 
35 35 539 1225 13077 
36 36 575 1296 14370 
37 37 613 1369 15753 
38 38 653 1444 17230 
39 39 694 1521 18804 
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‘Mom siz 11.—Data for — ee ~ ~ resistance thermometry 



































| t “ e 0 
“ | -i | — (4-300) io (8-200) 55 
40 | 40 736 1600 20480 
41 41 780 1681 22261 
42 | 42 826 1764 24153 
ively 43 43 873 1849 26158 
' 44 44 922 1936 28281 
a 45 | 45 972 2025 30527 
- 46 | 46 1024 2116 32900 
- 47 47 1078 2209 35404 
me | 48 | 48 1134 2304 38044 
1000 49 | 49 1191 2401 40824 
; 50 | 50 1250 2500 43750 
Fs 51 51 1311 2601 46826 
ue 52 52 1374 2704 50056 
| 53 53 1438 2809 53447 
97 | 54 54 1505 2916 57002 
{7 
7 55 55 1573 3025 60727 
13 | 56 56 1643 3136 34627 
165 57 57 1715 3249 68707 
58 58 1790 3364 72972 
230 59 59 1866 3481 77428 
310 
408 60 60 1944 3600 82080 
525 61 61 2024 3721 86934 
664 62 62 2107 3844 91995 
63 | 63 2191 3969 97268 
897 | 64 | 64 2277 4096 102760 
016 
233 65 | 65 2366 4225 108477 
4] 66 66 2457 4356 114423 
763 67 67 2550 4489 120606 
68 68 2645 4624 127031 
180 69 69 2742 4761 133703 
136 
332 70 70 2842 4900 140630 
073 71 | 71 2944 5041 147817 
760 72 72 3048 5184 | 155271 
73 73 3155 5329 162998 
297 74 74 | 3264 5476 171005 
386 
31 75 | 75 | 3375 5625 179297 
34 76 | 76 | 3489 5776 187882 | 
00 77 77 3605 5929 196766 
78 | 78 3723 6084 205956 | 
30 79 79 3844 | 6241 215458 | 
99 | 4 
99 80 | 80 3968 6400 225280 
45 gi | 81 4094 6561 | 235428 
70 82 | 82 4223 6724 | 245910 
83 | 83 4354 6889 | 256732 
77 84 | 84 | 4488 7056 | 267902 
70 
53 85 | 85 | 4624 7225 | 279427 
30 86 86 4763 7396 | 291314 
04 87 | 87 | 4905 7569 | 303570 
gs | 88 5049 | 7744 316203 
89 | 89 | 5196 | 7921 | 329221 


‘See footnote at end of table. 
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TaBLE 11.—Data for computing temperatures in platinum resistance thermom, 
by the equations '—Continued 








t ep | e 




















” ~ie | —@-iS | 10° 
90 | 90 | 5346 8100 342630 
91 | 91 | 5499 8281 356439 
92 | 92 | 5654 | 8464 370655 
93 | 93 | 5812 8649 385287 
4 | 94 | 5973 8836 400341 
95 | 95 | 6137 9025 415827 
96 96 6304 9216 431751 
97 | 97 6473 | 9409 448199 
98 98 6646 9604 464949 
| 99 | 99 6821 | 9801 482239 
| 100 | 100 7000 | 10000 | 500000 
101 | 101 | 7182 | 10201 | 518241 
102 | 102 | 7366 | 10404 536971 
103 | 103 | 7554 10609 556198 
104 | 104 | 7744 10816 | 575930 
} | 
105 | 105 | 7938 11025 596177 
106 106 | 8135 11236 616946 
107 107 8335 | 11449 | 638247 
108 108 | 8538 | 11664 | 660089 
109 109 8744 | 11881 | 68248 
110 | 110 8954 | 12100 705430 
111 | 111 | 9167 | 12321 | 728947 
112 | 112 | 9383 12544 | 
| 113 | 113 | 9602 12769 | 7777 
114 | 114 | 9825 12996 | 802997 
115 | 115 | 10051 | 13225 | 828877 
116 | 116 | 10280 13456 | 855371 
| 117 | 117 | 10513 13689 | 882489 
| 118 | 118 10749 13924 | 910240 
119 119 | 10989 14161 | 938634 
120 120 | 11232 14400 | 967680 
121 121 | 11479 14641 997389 
122 | 122 11729 14884 1027770 
123 | 123 11982 15129 1058833 
124 | 124 | 12239 15376 1090589 
125 | 125 | 12500 15625 | 1123047 
126 | 126 | 12764 15876 | 1156217 
127 | 127 | 13032 16129 | 1190111 
128 | 128 13304 16384 1224737 
129 | 129 13579 | 16641 | 1260106 
130 130 | 13858 | 16900 1296230 
131 131 14141 | 17161 | 1333118 
132 132 14427 | 17424 | 137078! 
133 | 133 | 14717 17689 | 1409230 
134 | 134 | 15011 17956 1448475 
| 
135 135 | 15309 18225 1488527 
136 136 | 15611 18496 | 1529397 
137 | 137 | 15916 18769 1571097 
138 138 | 16225 19044 1613636 
139 | 139 | 16539 19321 | 1657027 


1 See footnote at end of table. 








rds 


thermoms 


342630 
356439 
370655 
385287 
40034] 


415827 
43175] 
448129 
464949 
482239 


500000 
51824] 
53697] 
556198 
575930 


596177 
616946 
638247 
560089 
§8248( 


705430 
728947 
753041 
77721 


302997 


328877 
355371 
382489 
110240 
38634 


167680 
197389 
127770 
58833 


90589 
23047 


56217 
90111 
24737 
60106 


96230 
33118 
70781 
09230 
48475 


88527 
29397 
71097 
13636 


57027 





| 
2 3 
-t -ihe | -4-0) | 4 (3-200) 5 
140 140 16856 19600 1701280 
141 141 17177 19881 1746407 
142 | 142 17502 20164 1792418 
143 | 143 17832 20449 1839326 
144 | 144 18165 20736 1887142 
145 145 18502 21025 1935877 
146 146 18843 21316 1985543 
147 147 19189 21609 2036151 
148 148 19538 21904 2087714 
149 149 19892 22201 2140243 
150 150 20250 22500 2193750 
151 151 20612 22801 2248247 
152 152 20978 23104 2303746 
153 153 21349 23409 2360259 
154 154 21724 23716 2417799 
155 | 155 22103 24025 2476377 
156 | 156 22486 24336 2536006 
157 157 22874 24649 2596698 
158 | 158 23266 24964 2658466 
159 | 159 23663 25281 2721323 
160 | 160 24064 25600 2785280 
161 | 161 24469 25921 2850351 
162 | 162 24879 26244 2916548 
163 | 163 25294 26569 2983885 
164 | 164 25713 26896 3052373 
165 | 165 26136 27225 3122027 
166 166 | 26564 27556 3192859 
167 167 | 26997 | 27889 3264882 
168 168 | 27434 | 28224 3338109 
169 169 27876 28561 3412554 
170 170 28322 28900 3488230 
171 171 | 28773 29241 3565150 
172 172 | 29229 29584 3643329 
173 173 29690 29929 3722779 | 
174 174 30155 30276 3803513 
75 175 30625 30425 3885547 
176 176 31100 30976 3968893 
177 177 31580 21329 4053565 | 
178 178 32064 31684 4139578 
179 179 32554 32041 4226945 
180 180 33048 32400 4315680 
181 181 33547 32761 4405798 
182 182 | 34051 33124 4497312 
183 183 | 34561 33489 4590237 
184 184 | 35075 33856 4684587 | 
185 185 | 35594 34225 | 4780377 
186 186 36118 34596 | 4877621 
187 187 36648 34969 | 4976333 | 
188 188 37182 35344 | 5076529 
i89 189 37721 35721 | 5178223 | 
mae 0.000190 | 0. 000038266 0. 0036100 | 0. 005281430 
The constants Ro, A, B, and C are determined by measurements of resistances at the melting point of 
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ste 11.—Data for computing temperatures in platinum resistance thermometry 
by the equations '—Continued 


























’ » the boiling points of water, sulfur, and oxygen, respectively. 
Coellicients of the functions of ¢; and of the constants B and C are such as to make the order of magnitude 
‘He constant factors greater than 1 but less than 10 and to effect a simple regulation of decimal points, 


The powers of 10 used in the computations 











368 Journal of Research of the National Bureau of Standards 


TaBLe 12.—Data for computing temperatures in platinum resistance thermo 
the equations ! 


and 


— [(R/Ro) —1]+ Be? 





A+2Bt, 


(Re Ro) — 1) + Bt? + E[(t,/100) — 1)¢} 





A+ 2Bt, + F[(4/100) —1)t? 





metry by 


in the ranges of temperature from 0° to 190° C and 0° to —190° C, respectively, 














t t a a t fi 

“ “ie 7 (—) 108 3x08 | (ie )5 
0 0. —s 0. 000000000 (oo 0. 000000000 
1 1 f ] 
2 2 4 20 8 
3 3 9 45 28 
4 4 17 80 67 
5 5 26 125 131 
6 6 38 180 229 
7 7 52 245 367 
8 8 69 320 553 
9 9 88 405 798 
10 10 110 500 1100 
11 ll 134 605 1477 
12 12 161 720 1935 
13 13 191 845 2483 


1 See footnote at end of table. 








926 
1004 


1259 
1352 
1448 


1763 
1876 
1993 













2645 


















3128 


3881 
4751 
5748 
6882 
8162 


9600 
11206 
12991 
14965 
17142 


19531 
22146 
24997 
28099 
31462 


35100 
39026 
43254 
477% 
52667 


57881 
63452 
69395 


75723 





82 24 53 
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Tape 12.—Data for computing temperatures in platinum resistance thermometry by 
7 the equations '—Continued 











~(ees)h e% ($-)% 
100 10° 2X10 100 10° 


2240 8000 89600 
2370 8405 97179 
2505 8820 105205 
2644 9245 113695 
2788 9680 122665 


2936 10125 132131 
3089 10580 142111 
3247 11045 152620 
3410 11520 163676 
3577 12005 175297 


3750 12500 187500 
3928 13005 200303 
4110 13520 213724 
4298 14045 227782 
4491 14580 242495 


4689 15125 257881 
4892 15680 273961 
5101 16245 290753 
5315 16820 308277 
5535 17405 326553 


5760 18000 345600 
5991 18605 365439 
6227 19220 386091 
6469 19845 407577 
6717 20480 429916 


6971 21125 453131 
7231 21780 477243 
7497 | 22445 502274 
7768 23120 528246 
8046 23805 555180 


8330 24500 583100 
8620 25205 612028 
8916 25920 641987 
9219 | 26645 672999 
9528 27380 705090 


9844 28125 738281 
10166 28880 772598 
10494 29645 808063 
10830 30420 844703 
11171 31205 882540 


11520 32000 921600 
11875 32805 961908 
12238 33620 1003490 
12607 34445 1046370 
12983 35280 1090575 


13366 36125 1136131 
13757 36980 1183064 
14154 37845 1231401 
14559 38720 1281167 
14971 39605 1332391 


' See footnote at end of table. 
634436—45——_6 
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TaBLE 12.—Data for computing temperatures in platinum resistance thermometry by 


the equations '—Continued 




















e)8 
100 10° 








t t a o 
—é io ” (-) 108 | 2x108 ( 
90 90 | 15390 40500 1385100 
91 91 15817 41405 1439321 
92 92 16251 42320 1495081 
93 93 16693 43245 1552409 
94 94 17142 44180 1611333 
95 95 17599 45125 1671881 
96 96 18063 46080 1734083 
97 97 18536 47045 1797966 
98 98 19016 48020 1863560 
99 99 19504 49005 1930895 
100 100 20000 50000 2000000 
101 101 20504 51005 2070905 
102 102 21016 52020 2143640 
103 103 21536 53045 2218236 
104 104 22065 54080 2294723 
105 105 22601 55125 2373131 
106 106 23146 56180 2453493 
107 107 23699 57245 2535839 
108 108 24261 58320 2620201 
109 109 24831 59405 2706611 
110 110 25410 60500 2795100 
111 111 25997 61605 2885701 
112 112 26593 62720 2978447 
113 113 27198 63845 3073371 
114 114 27811 64980 3170504 
115 115 28434 66125 3269881 
116 116 29065 67280 3371535 
117 117 29705 68445 3475500 
118 118 30354 69620 3581810 
119 119 31013 70805 3690498 
120 120 31680 72000 3801600 
121 121 32357 73205 3915150 
122 122 33042 74420 4031183 
123 123 33738 75645 4149733 
124 124 34442 76880 4270838 
125 125 35156 78125 4394531 
126 126 35880 79380 4520850 
127 127 36613 80645 4649829 
128 128 37356 81920 4781507 
129 129 38108 83205 4915918 
130 130 38870 84500 5053100 
131 131 39642 85805 5193090 
132 132 40424 87120 5335926 
133 133 41215 88445 5481644 
134 134 42017 89780 5630283 
135 135 42829 91125 5781881 
136 136 43651 92480 5936476 
137 137 44483 93845 6094107 
138 138 45325 95220 6254811 
139 139 46177 96605 6418629 





See footnote at end of table. 
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try by TapLE 12.—Data for computing temperatures in platinum resistance thermometry by 
; the equations '—Continued 
t -_. t? t e 
, -t ae. | (wip xe | (we-) io 
- 140 | 140 47040 98000 6585600 
‘ 141 141 47913 99405 6755763 
+ 142 | 142 48797 100820 6929157 
3 143 | 143 49691 102245 7105823 
144 144 50596 103680 7285801 
1 145 145 51511 105125 7469131 
3 146 146 52437 106580 7655855 
6 147 147 53374 108045 7846012 
0 148 148 54322 109520 8039644 
5 149 149 55280 111005 8236793 
) 150 150 56250 112500 8437500 
u 151 151 57231 114005 8641807 
) 152 152 58222 115520 8849756 
/ 153 153 59225 117045 9061390 
3 154 154 60239 118580 9276751 
155 155 61264 120125 9495881 
156 156 62300 121680 * 9718825 
3 157 157 63348 123245 9945625 
) 158 158 64407 124820 10176325 
| 159 159 65478 126405 10410969 
| 160 160 66560 128000 10649600 
161 161 67654 129605 10892263 
) 162 162 68759 131220 11139003 
163 163 69876 132845 11389865 
| 164 164 71005 134480 11644892 
165 165 72146 136125 11904131 
166 166 73299 137780 12167627 
167 | 167 74464 139445 12435426 
| 168 168 75640 141120 12707574 
: 169 169 76829 142805 12984116 
| 170 170 78030 144500 13265100 
, 171 171 79243 146205 13550572 
172 172 80468 147920 13840579 
73 | 173 81706 149645 14135167 
174 | 174 82956 151380 14434386 
175 | 175 84219 153125 14738281 
176 | 176 85494 154880 15046902 
177 | 177 86781 156645 15360295 
178 | 178 88082 158420 15678511 
179 | 179 89394 160205 16001596 
180 | 180 90720 162000 16329600 
181 181 92058 163805 16662572 
182 | 182 93410 165620 17000562 
183 | 183 94774 167445 | 17343618 
184 | 184 96151 169280 | 17691791 
185 | 185 97541 171125 | 18045131 
186 | 186 98945 172980 | 18403688 
187 | 187 100361 | 174845 | 18767513 
188 188 101791 | 176720 19136655 
189 189 103234 | 178605 | 19511167 
| i 
190 0. 000190 0. 000104690 0.0180500 | 0. 019891100 








The constants Po, A, B, and C are determined by measurements of resistances at the melting point of 

e, the boiling points of water, sulfur, and oxygen, respectively. E and F are equal to 264C and 364C, 

respectively. The powers of 10 used in the computations as coefficients of the functions of t;, and of the 

constants #, E, and F are such as to make the order of magnitude of the constant factors greater than 1 but 
#ess than 10 and to effect a simple regulation of decimal points. 
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Set decimal point indicators at corresponding positions on ¢ 
keyboard and middle dial of a calculating sogren equivalent to . 
Marchant Model M. Set the value of A in the keyboard in its proper 
position for the decimal point and add it into the middle dial. Tj, 
clears the keyboard. Set the value of 10~%, in the keyboard properly 
with respect to its decimal point and multiply, by 2% 10°R. This 
operation adds the product, 2Bt,, to A in the middle dial. Bring the 
carriage back to its original position, place the value of 10-"(4;,~ 
300)? taken from table 11 if equation 12 is used, or the value of 
10~*[(¢,/100)— 1] taken from table 12 if equation 14 is used, in the 
keyboard with proper account of the decimal point, multiply by 
10°C for equation 12, or by 10°F for equation 14. This operation 
adds the third term of the denominator to the sum of the first two and 
shows the value of the whole denominator in the middle dial. Recor 
this value on paper and clear the dials of the machine. The numerator 
is next obtained in the same manner but left in the middle dial while 
the denominator is set in the keyboard. Automatic division now 
yields the temperature correct to the nearest millidegree. With 
practice, the computation of a temperature, exclusive of the calculation 
of (R,/R,)—1, can be made by this procedure in less than 2 minutes, 

The powers of 10 used in the computations as coefficients of the 
functions of ¢, and of the constants B and C are such as to make the 
order of magnitude of the constant factors greater than 1 but less than 
10 and to effect a simple regulation of decimal points. In table 11, 
for use with equation 12, the following are tabulated: 

10-%t, to be multiplied by 2X10°B to obtain 2Bt,, as 210°B is 
approximately 1.2. 

10-"(4t,—300)# and 10-(3t,—200)#@ to be multiplied by 10"C to 
obtain C(4t,—300)# and C(3t,—200)#, since 10°C is approximately 
4.4. 

10-"# to be multiplied by 10’B to obtain Bf?, as 10’B is approx- 
imately 6. 

In table 12, for use with equation 14, the tabulation is analogous. 
With proper regard for signs, columns 2 and 4 of table 11 or table 12 
can be used to calculate temperatures in the upper range from 0° to 
190° C, if the table for computations of temnpulnteanis Galler 0° Cis 
complete. These columns can be extended to 660° C, or a table of 
squares can be used. 

Computations made with these modified fundamental equations 
involve the ratio of R, to Ro, both of which should therefore be 
measured with the same bridge. This ratio will be practically the 
same for the same temperature with any calibrated bridge, provided 
the calibration of a given bridge is consistent, i. e., of about the same 
fractional error in all the dials. The fundamental constants are 
assumed to be given correctly, i. e., the thermometer must have 4 
proper calibration and this, of course, is true no matter what method o/ 
computation is used. The steam point does not appear in the equa 
tions and can even be eliminated from the calibration of the ther 
mometer by the use of another fixed point in a suitable region of the 
temperature scale, such as the freezing point of benzoic acid, or by 
comparison with a thermometer which has been given a primary 
calibration. 


Wasuineton, December 29, 1944. 
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hile ABSTRACT 

how A method is suggested for computing the pH of phosphate buffers from electro- 
Vith motive-force measurements of cells without liquid junction. Each of the 33 
tion buffer solutions studied was prepared from equal molal quantities of potassium 
tes dihydrogen phosphate and disodium hydrogen phosphate. The solutions were 
wes. divided into five series with respect to the amount of sodium chloride added. The 
the ratios of the molality of each buffer salt to that of sodium chloride in the five 
tie series were about 1, 2, 3, 8,and 10. The pH values were computed from measure- 
han ments of cells with hydrogen electrodes and silver—silver-chloride electrodes by a 
1 procedure that involves extrapolation of a function of the emf to zero concentra- 


tion of sodium chloride. 

The values of the second dissociation constant of phosphoric acid given in an 
3 is earlier paper (RP1524) were confirmed. The mean values of pX, the negative of 
the common logarithm of the second dissociation constant, are given as a function 
of absolute temperature, 7’, by the equation 


/ to 

tely pK =2073.0/T—5.9884+0.0209127" 

OX: between 7'= 273.16 and 7'=323.16 (0° to 50° C). Equations are given to express 
the change of pH with molality of sodium chloride. The pH values from 0° to 
60° C of eight phosphate buffers without chloride are listed. The densities of the 

US. buffers were determined. At 25° C, the pH of buffers containing equal molal 

» 12 quantities of potassium dihydrogen phosphate and of disodium hydrogen phos- 

to phate is given by the equations 

+. 

) 18 

~ = pH =7.162+2.18 m—2.237ym 

" pH =7.169+ 2.39 c—2.324yc, 

be where m and c, the molality and the molar concentration of each buffer salt, lie 

the between 0.005 and 0.1. 
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I. INTRODUCTION 


Aqueous mixtures of primary and secondary phosphates hay 
found extensive use for the control of pH in the region near neutrality 
When the molal amounts of the two phosphates are approximately 
a, buffer solutions with pH between 6.5 and 7.0 are obtained. 
The pH is relatively insensitive to contamination of the solution wit) 
carbon dioxide from the air, or with small amounts of alkali, and 
changes only 0.1 unit when the solution is diluted to twice its volume 
with pure water. 

It was shown in an earlier paper [1]' that potassium dihydrogen 
phosphate and disodium hydrogen phosphate are well suited by ease 
of purification, stability, and lack of pronounced hygroscopicity to 
the preparation of standard buffers of constant and reproducible pH. 
The equimolal mixture of these two salts was chosen for detailed 
study. The purpose of this investigation was twofold: to determine 
the pH of a series of phosphate buffer standards, and to study the 
effect of sodium chloride on the thermodynamic properties of the 
phosphate buffer system. The study of salt effects on the behavior 
of indicators and buffers has been the subject of earlier communica- 
tions from this Bureau [2, 3, 4, 5]. 

In the past, pH values assigned to phosphate buffers have been 
based upon emf measurements of cells which involved liquid junctions 
[6, 7, 8]. The experimental and theoretical difficulties caused by the 
liquid junction have been well recognized, and it has been suggested 
[9, 10, 11] that pH be defined in terms of cells without liquid junction 
The experimental difficulties are thereby removed to a large extent, 
but the uncertainty in evaluating the potential at the liquid junction 
remains in the guise of its counterpart, the enigma of the single-ion 
activity. In either case, a non-thermodynamic assumption must be 
made, and the pH scale is somewhat arbitrary in character. When 
strong acids and bases as well as buffered solutions are to be used, 
however, a consistent scale based on cells with liquid junction is not 
readily achieved [8, 11a]. 

In previous work by the authors, the second dissociation constant 
of phosphoric acid was evaluated from emf measurements of cells 
without liquid junction. Certain assumptions were made to relate 
the activity coefficient of chloride ion to an observed activity fune- 
tion, and pH values were computed for the mixtures of phosphat 
and chloride salts. A change in the ratio of chloride to buffer salt 
alters the pH of the buffer, however, in a hitherto unknown manner 
In this investigation, the effect of the sodium chloride on the activity 
coefficients has been studied, and the pH of phosphate buffers in the 
absence of sodium chloride has been estimated. 


II. EXPERIMENTAL PROCEDURE 


The solutions were prepared by the dilution of eight stock solutions 
with conductivity water. Each stock solution was prepared from the 
roper weights of pure potassium dihydrogen phosphate, disodium 
hy rogen phosphate, sodium chloride, and water. The dilutions were 
made in an atmosphere from which carbon dioxide had been removed 


! Figures in brackets indicate the literature references at the end of this paper. 
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The concentration of each component was expressed on the weight 
basis and was thought to be correct to 0.01 percent, Dissolved 
oxygen was removed from each solution by means of nitrogen, which 
had been purified by passage through a tower of soda-lime and over 
copper heated to 500°C. ‘The gas was bubbled through each solution 
for 3 hours before the final weighings were made, 

The silver—silver-chloride electrodes were of the thermal-electrolytic 
type (Harned’s type 2 [12]). About 15 mg of the silver formed on 
each electrode (usually about 70 mg) was converted to silver chloride. 
Both the hydrogen electrodes and the silver—silver-chloride electrodes 
were freshly prepared before each series of experiments was begun. 
The latter were intercompared in a 0.05-m solution of hydrochloric 
acid and only those differing from the mean value by 0.06 mv or less 
were used, Experience showed that a similar intercomparison of 
hydrogen electrodes was unnecessary. 

‘Each series of experiments ordinarily was completed within 72 
hours after the cells were filled. Initial and final measurements were 
made at 25° C. The thermometer, standard cell, and potentiometer 
had been calibrated recently, The ice point of the thermometer was 
usually redetermined before each series of experiments was started. 
Other experimental details are given in an earlier paper [1]. 


1. MATERIALS 


Potassium dihydrogen phosphate and disodium hydrogen phosphate 
were purified by recrystallization from water, dried at 110° and 130° 
C, respectively, and used as the anhydrous salts. The secondary salt 
was first dried for a time at room temperature in air and in vacuum. 
In this way, fusion of the hydrated salt at 130° C was avoided. Samples 
of these two salts, prepared by triple crystallization of reagent grade 
salts which conformed to specifications of the American Chemical 
Society, were analyzed by the Reagents and Platinum Metals Section 
of this Bureau. The assays of potassium dihydrogen phosphate and 
of disodium hydrogen phosphate were, respectively, 100.003 and 
99.995 percent. The secondary salt was shown to contain less than 
0.01 percent of carbonate, 

Sodium chloride, “‘special grade,’ was precipitated from a saturated 
aqueous solution with dry hydrogen chloride, prepared according to 
the directions of Sweeney [13], and fused in platinum to remove water 
and occluded acid, as recommended by Richards and Wells [14]. It 
was broken into large lumps and bottled without grinding. The salt 
was not strictly neutral, as Richards and Wells found theirs to be. A 
measure of its alkalinity was made by titration of a sample of 11 g of 
the salt to both the phenolphthalein and methyl-orange end points 
with a solution of hydrochloric acid. The amount of acid required 
indicated the presence of 0.008 percent of sodium Moser wba s by 
weight. As this impurity would cause an error in electromotive force 
of less than 0.01 mv, or considerably less than the experimental error, 
no further purification of the salt was undertaken. 
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The conductance of the water used in the preparation of the soly. 
tions was approximately 0.5xX10-* mho. Before the water was 
used, a stream of air freed of carbon dioxide was bubbled through j; 
for 18 to 24 hours. In an experiment to test the removal of dissolved 
carbon dioxide by this method, eight liters of water having an initi| 
conductance of 0.44 10~* mho remained in the receiver for 2 months 
The conductance rose to 0.97 10~* mho during this time but fell tp 
0.57 X10~* mho when carbon dioxide-free air was bubbled through 
the water overnight. 


2. RESULTS OF EMF MEASUREMENTS 


The electromotive forces, EZ,, of the cell Pt| H;| KH, PO,, (m,): 
Na,HPQ,, (m,); NaCl, (m,)|AgCl|Ag are given in table 1. These 
values have been corrected as usual to 1 atm of hydrogen. In each 
solution, the stoichiometric molalities (m,) of the primary and second- 
ary phosphate salts were equal. Furthermore, it can be shown that 
the concentrations of primary and secondary phosphate anions are 
substantially equal (within 0.01 percent) to the stoichiometric molali- 
ties of the corresponding phosphate salts. The molalities of the com. 
ponents of the solution are given in the second and third columns of 
the table. The solutions are divided into five series. In series A, B, 
C, D, and E the ratios of the molality of each buffer salt to the molality 
of sodium chloride were respectively 1.00, 1.92, 3.21, 8.20, and 9.90, 

The molalities of solutions A5 and A5a were identical. Solution 
A5 was saturated with hydrogen, however, before the cells were filled, 
and Ada was saturated with nitrogen in the same manner as was each 
of the other buffers. The emf values agree satisfactorily. The data 
recorded for solutions D2 and D6 are the average values of two cells. 
The mean differences between the two cells were 0.03 mv (for D2) and 
0.08 mv (for D6). 

The values at 25° C, in general, are somewhat more reliable than 
those listed for the other temperatures, by virtue of the threefold 
check obtained at this reference temperature. The initial equilibrium 
values at 25° C were uniformly in agreement with those recorded at 
the conclusion of the low-temperature series. When the molality of 
the buffer was less than 0.005 or that of the chloride less than 0.002, 
however, the final values at the same temperature often differed from 
the initial data by 0.02 to 0.03 percent of the emf (about 0.2 mv). lh 
such cases, the final measurement was disregarded in assigning the 
value to the cell at 25° C. It was recognized, further, that at least s 
part of this error possibly resides in the values at the highest tempers- 
tures. It will be seen later that the deviations from the mean of the 
second dissociation constant calculated from the experimental results 
at 50°, 55°, and 60° C are somewhat larger than those at the lower 
temperatures. 





Electromotive forces of cells containing mixtures of phosphate buffers with sodium chloride 
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3. SECOND DISSOCIATION CONSTANT OF PHOSPHORIC ACID Anp 
RELATED THERMODYNAMIC QUANTITIES 


The calculation of the second dissociation constant of phosphoric 
acid from the data of table 1 was made in the manner outlined in the 
earlier paper. As shown in figure 1, a value of 4.4 A for a*, the jop. 
size parameter, gave the best straight-line extrapolation of pK’, the 
negative of the common logarithm of the “apparent’’ dissociation 
constant, to zero ionic strength for series D as well as for series A at 
25° C, although the ratio of chloride molality to molality of buffer salt 
was only one-eighth as large. The computation of pA’ was made, as 
before, by use of the equation 


pK’ = (E—E*)/k+-log (mMz,P0,Mc1/Muro,) +2A Vu/(1+Ba* yy), (1) 


where E° is the standard potential of the cell, u is the ionic strength, 
and a* and 8* are considered to be related to the ion-size parameters, 
a,, and 8 values characteristic of the chloride and phosphate anions. 
This expression has been found to yield values of pA’ that are a linear 
function of ionic strength. 

The uncertainty in establishing a* for series D is about 0.2 A. 
The uniform character of the measurements of the series A solutions 
at 25° C, however, makes possible a more accurate evaluation of a* 
for this series than can be made for the others. Fortunately, how- 
ever, the pH values calculated for the phosphate buffer are but 
slightly affected by a change of 0.2 A in a*, as will be shown in the 
following section. This value of a* is considerably larger than 
3.8 A found to give the best representation for mixtures of sodium 
phosphates and om for a mixture of potassium dihydrogen phosphate, 
disodium hydrogen phosphate, and sodium chloride in which the 
molal proportions were 3:2:3 [1]. 

In accord with previous experience with mixtures of sodium 
phosphates, it was found that the value of a* increased slowly with 
rise of temperature, whereas 8*, the slope of the plot of pK’ as 
function of ionic strength, remained substantially constant or de- 
creased slowly. As can be seen in figure 2, where pK’ from all five 
series at 25° C is plotted as a function of ionic strength, the §* slope 
decreases as the ratio of molalities of sodium chloride to buffer salt 
is decreased. Since too few solutions in series B, C, and E were 
studied to provide sufficient data for unambiguous extrapolation, 
their lines have been drawn to a common intercept which represents 
the mean value of pK computed analytically from the 10 experimental 
points. 


1 The newer values of k=2.3036R7/F and of the constants A and B of the Debye-Hiickel equation wer 
employed [15]. In this paper, K represents the thermodynamic second dissociation constant, and A’ th 
false, “apparent” constant computed with the use of any arbitary activity-coefficient term. 
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FicurE 1.—pK at 25° C for various values of a* plotted as a function of tonic 
strength. 
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Ficure 2.—pK’ at 25° C for buffers of series A, B, C, D, and E plotted as a function 
of ionic strength. 
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With the best straight lines established ‘and their slopes dete, 
mined, it was possible to compute a value of pK, the thermodynani: 
dissociation constant, from each experimental point by the relation 

pK=pK’+ "xz. (2) 
The arithmetic means of the values of pK for series A, series D, and 
the combined values of series B, C, and E were computed and ar 
listed in table 2. These three mean values were then weighted in 
proportion to the number of experimental points from which they 
were derived. The weighted averages so obtained are given in the 
fifth column. In the sixth column are given the mean values of pk 
derived from the 42 phosphate mixtures studied earlier [1]. The 
average of the results of the two investigations is recorded in the last 
column. The mean difference between columns 5 and 6 is 0.0011. 
The values of pK at 55° and 60° C, which show the largest differences, 
are probably somewhat less accurate than those found for the lower 
temperatures. 


TABLE 2.—Summary of values of pK from 0° to 60° C 
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* When the final averages for pK between 0° and 50° C were ex- 
pressed in terms of the quadratic equation suggested by Harned and 
Robinson [16], the following function was obtained: 


pK=2073.0/T—5.9884-+-0.0209127;, (3) 


where 7’ is t? C+273.16, the temperature on the absolute, or Kelvin, 
scale. This equation reproduces pK between 0° and 50° C with s 
mean departure of 0.0007. The greatest difference between the 
calculated and observed values is 0.0023 at 35° C. The computed 
pK at 55° and 60° C, temperatures which are above the range of 
validity of eq 3, are 0.007 higher than the observed values. 

An estimate of the accuracy of pK can now be made. The degree 
of consistency shown in the results of 75 experimental measurements 
supports strongly the conclusion that these average values are precise 
within +0.002 unit, or twice the mean difference between the two 
sets of pK values given in columns 5 and 6. The purity of the phos- 
— salts was such that no appreciable uncertainty can justifiably 

e attributed to that source. The slight alkalinity of the sodium 
chloride would cause all of the values to be too high by only 0.000! 





pH of Phosphate Solutions 381 


unit. The Z° values of Harned and Ehlers |17] seem to be reliable to 
about 0.05 mv, which corresponds to 0.0009 in pK. A more recent 
calculation of E° from their data [18] confirms this view, as far as the 
extrapolation is concerned. It is important to note that the same 
type of silver-silver-chloride electrode [12] was used in this investiga- 
tion and in the work of Harned and Ehlers. By summation of these 
possible errors, @ maximum uncertainty of + 0.003 unit can be assigned 
to pK. 

eas eq 3 differs somewhat from the equation which represented 
most successfully the series of pK values given in column 6 as a func- 
tion of absolute temperature [1],° the quantities derived from the 
temperature coefficient of the dissociation constant were recalculated 
from the parameters of the revised equation. They are compared in 
table 3 with the corresponding quantities obtained from the emf 
measurements of Nims [19], and with a direct calorimetric determina- 
tion of AH® by Pitzer [20]. The constants are given in international 
joules and in calories;* one calorie is 4.1833 int. j. The entropy 
value in the third column was computed from Pitzer’s value for 
AH®, together with AF®° from this investigation. 





TaBLE 3.—Thermodynamic constants for the dissociation of H;POjz at 25° C 





. Pitzer This inves- 
Nims (emf) | (calorimetry)| tigation 
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In the absence of unforeseen reactions at the electrodes which ma 
alter the emf in an abnormal manner as the temperature is changed, 
4H° should have an uncertainty of about 300 int. j/mole, AS° might 
be in error by 0.9 int. j/degree mole, and AC®°, by 25 int. j/degree 
mole.’ It is apparent, however, that the difference between AH® 
from calorimetric data and from the emf measurement given in the 
last column is greater than the sum of the uncertainties assigned 
to the two values. This discrepancy has not been explained. 


III. CALCULATION OF THE pH OF PHOSPHATE BUFFERS 


If the mass-law expression for the equilibrium between primary and 
secondary phosphate ions is written in its exact form, the following 


' This equation was pK = 1979.5/7'—5.3541+-0.0198407T. The values found by Nims [19] from 20° and 50° C 
are expressed by pK = 1651.9/7'—3.2703+-0.016555T.. 

‘ Quantities of energy in chemical thermodynamics are measured in joules, and the arbitrary conversion 
to artificial calories has little to recommend it. The eventual abandonment of the calorie as a unit of energy 
1a8 been urged by Smith and Taylor [21], Mueller and Rossini {221, and others. 

* These uncertainties were estimated from the probable limit of error (0.002 unit) assigned to pK. If pK 
at 15° C were too low by 0.002 unit and pX at 35° too high by the same margin, the stated errors would be 
included in the values of the thermodynamic constants at 25° C. 
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equation for the pH of any mixture of potassium dihydrogen pho. 
phate and disodium hydrogen phosphate is obtained: 





- — a! fu,po, 
< 
HPO, ‘furo, 


H=pK—log— 
poi=pA—log, (4) 
In order to estimate the last term of eq 4, an equation of the Hiick,| 
form was assumed to express the change of each ionic activity coeff 
cient in the mixture with respect to ionic strength, as follows: 


Azivu uF 
1+Ba,yu 


In eq 5, 2 is the valence of the ion, and a; and f; are parametes 
characteristic of the ionic species 7 in the mixture. 

If eq 5 correctly represents the change of each ionic activity coeff. 
cient with respect to the ionic whens, it is possible to derive the 
relationship between a* and a, a2, and a3, where the subscripts 1, 2 
and 3 refer respectively to the anions H,PO,, HPO,, and Cl. 


—log i= Bu. (5 


at Se—h—%) + Baid,—2ahdy + 320)B Yu t2a,a,%B"y 
2+ (3a; —2a,+3a,)B ut (40;0;—a,0,—20,)B%, * 





This derivation is accomplished by combining expressions of the form 
of eq 5 for the activity coefficients of the three anions according to the 
formula (log fa,ro,—log furo,+log fc,), and equating the result to 


2A Vu/(1+Ba*¥u)+8*u, which is found by experiment to represent 


satisfactorily the quantity log (fu,ro, fc1/faro,)- 

Consideration of eq 6 shows that a* is totally independent of ionic 
strength only when a,=a,=a,=a*. When the values of the ion-size 
parameter for the three ions are different, a* is an insensitive fune- 
tion of uw. As the ionic strength approaches zero, a* approaches 
(4a,—a,—a,;)/2 asalimit. At infinite ionic strength, a* is 2a,a,a,/(4a%, 
—,0,—a,4;). When the ratios of the ions were fixed, no variation 
of a* with ionic strength larger than the experimental error could be 
detected. This invariance would be observed if the ion-size paran- 
eters for the three ions were equal. For many combinations of differ- 
ent values of a, lying between 3 and 5 A, however, the change of «° 
over very large ranges of ionic strengths can be shown to be so small 
as not to be discernible. 

Examination of eq 6 in the light of the behavior of the term !og 
(fu,ro,fci/furo,) with changing buffer ratio, however, reveals no et- 


planation of the observed change of a* as the relative amounts of the 
primary and secondary phosphates are varied at a constant ionic 
strength, provided that the individual a, values are considered to be 
constants. It seems reasonable to assume that the ionic parameter 
are not equal and that their contributions to a* are weighted in some 
manner, not shown in eq 6, according to the contributions of the re- 
spective ions to the ionic strength. The limiting value of a*, or a’, % 
Myaci/u approaches zero at a constant ratio of the phosphate salts 
would then be little influenced by the individual characteristics 0 
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the chloride ion and determined chiefly by those of the phosphate 
anions. ; 

In the light of eq 5, the slope 8* can be considered to be a combina- 
tion of the values of 8, for primary phosphate ion, secondary phosphate 
‘on, and chloride ion: 6*=8y,r0,— Baro,+8cr. If the contribution of 
8. Varies in some direct manner with the fractional contribution of 
sodium chloride to the total ionic strength, the limit of 8* for the 
equimolal phosphate buffer in the absence of sodium chloride, 
Buspo,— Baro, t Be:)° is largely determined by the properties of the 
equimolal mixture of primary and secondary phosphates.° ’ 

In view of these considerations, the last term of eq 4 is computed 
with the use of eq 5. The limiting value of the ion-size parameter, a°, 
is employed, and (Bu gpo,— Buro, + Bo)° is used for Bu po,— Buro,- The 
equation for pH then becomes 


- MHoPO,4 3A ¥V ff 
nH=pK—log ——— ——_——= — (Buppo,— Buro,+ Boi) ° pe (4a 
. I "Mupo, 1+Baevu nn P 


The calculation of the pH of the buffer without sodium chloride thus 
rests upon the following assumptions: 

1. The activity coeflicients of the two phosphate anions and of 
chloride ion in a mixture containing all three ionic species are given as a 
function of total ionic strength by expressions of the Hiickel type 
eq 5). At a given temperature, each of these three ions has its 
characteristic a, and $8, which remain unaltered with changing ionic 
strength. When the kinds or ratios of the ions in the mixture are 
changed, however, the value of 8; may change also, but a; does not. 

2. The limiting values of a* and (8x,r0,— Baro, + 8c) a8 the ratio of 
the molality of sodium chloride to that of each phosphate salt ap- 
proaches zero can be employed to compute (fz,r0,/faro,) in equimolal 
phosphate buffers without added salt. 

When eq 1 and 2 are combined, the following expression is obtained: 


9A./y t— E° Muy 
2Avu +6, —~ = L MgP0, 


—] . 
1+Ba* Vu Pore @) 


Mepo, 


It is apparent that a* and 8* can be obtained from two or more deter- 
minations of the right side of eq 7 for constant ratios of ions but 
changing ionic strength, provided pK is known. If the dissociation 
constant is to be evaluated, however, it is convenient to obtain these 
parameters from the extrapolation plots, as described in the previous 
section. Within the error of establishing a*, the value of this param- 
eter for all five series (Myaci/u between 0.2 and 0.025), and hence 
also for the limit, was 4.4 A at 25° C. 


KT 

* These limiting values of the parameters actually describe the change of log (/1,r0,fci/faro,) with chang- 
ing ionie strength when sodium chloride is absent. Use of the assumption that these parameters also de- 
scribe the change of log (f#,P0,/faro,) with ionic strength (when the appropriate alteration of the valence 
coefficient in the first term of the Hiickel equation is made) implies that 8c: is zero in the absence of sodium 
chloride but does not suggest that fc: is unity. Thus, at 25° C, fc: is 0.775 in an equimolal phosphate buffer 
of ionie Strength 0.1 containing no sodium chloride. 

; In earlier papers {1, 4, 23] it was assumed for the calculation of pH that @#a=8a=@c1=6*. Although 
the effect of sodium chloride on mixtures of sodium phosphates has not been studied, a comparison of §* for 
series A in the earlier article [1] with that for series A reported here indicates that the corrections to be sub- 
tracted from the pH values of 25° C of series A buffers studied in the earlier work are about 0.003, 0.007, and 
¥.013 at ionic strengths of 0.1, 0.2, and 0.4, respectively. 
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The experimental values of a* and 8* are given in table 4. 4, 
mentioned above, a* and a° are identical. The table also lists th, 
values of 3A and Ba°® [15] for convenience in the use of eq 4a. 


TaBLe 4.—Parameters of the Hiickel equation for phosphate buffers composed 
equal molalities of potassium may he om phosphate and disodium hydrogen, pho. 
phate with and without sodium chloride. 









































8* for series— 
t a*=a?| 3A Ba° (Bu,P0,~Buro, 
ye 
A B c D E tBoy 
A 

WEES 4.2 | 1.4649 | 13612 | 0.137 | 0.086 | 0.080 | 0.067 | 0.068 0. 060 
eee 42 | 1.4763 | 13646 | .143 .077 .076 - 065 . 062 . 058 
“eee 43 | 1.4880 | 1.4009 | .131 . 081 . 076 . 067 . 066 . 060 
15... 43 | 1.5000 | 14044 | .119 . 075 .072 . 063 . 058 . 055 
20... 4.4 | 15126 | 1.4401 | .128 . 081 . 076 . 066 . 063 . 057 
a 4.4 | 1.5255 | 1.4436 | .102 . 081 . 075 . 060 . 059 054 
30... 4.4 | 1.5390 | 1.4476 | .132 .079 077 . 061 . 060 053 
emai 4.4 | 1.5525 | 1.4507 | .129 . 080 .073 . 065 . 061 . 056 
| 40... 45 | 1.5663 | 1.4873 | .141 . 094 . 075 . 070 . 064 058 
vn 45 | 1.5810 | 1.4913 | .126 . 083 073 .072 . 062 . 057 
45 | 1.5057 | 1.4945 | .121 . 081 . 068 .070 . 056 . 055 
55. 46 | 16113 | 15313 | .133 . 088 .075 . 070 . 062 058 
Wnty 46 | 1.6275 | 1.5355 | .146 . 083 . 071 .071 . 057 . 057 








As was found to be the case with phenolsulfonate buffers [4], the 
variation of 8* with the contribution of the sodium chloride to the 
ionic strength (mygc:/u) was approximately linear. Since the pH is 
relatively insensitive to the limiting value of 8*, an adequate value of 
(Bu,ro,—Buro,t+Be)° (within 0.005, which corresponds to 0.002 in the 


pH of the 0.1-m phosphate buffer) can readily be obtained. These 
extrapolated values are given in the last column of table 4. At 
temperatures other than 25° C, 8* for series A lies above the straight 
line drawn through the other four points. As figure 3 shows, however, 
the linear relationship is valid at 25° C. 
Since the means of evaluating a*, by choice of the function which 
ields the best straight line (see fig. 1), is incapable at these relatively 
ow concentrations of furnishing values of this parameter that are 
more accurate than 0.1 to 0.2 A, a corresponding uncertainty is it- 
herent ina°. It is thus important to consider what error in the pHs 
introduced by an error of 0.2 A ina®. « At first this uncertainty appear 
to be a serious limitation to the accuracy of all pH values computed 
from eq 4a, for the term that contains a° is 0.010 less at a°=4.6 than 
at a°=4.4, when the molality of each buffer salt is 0.1. It must be 
remembered, however, that a change in the value of a* for any series 
would cause 6* also to be different. The upper (dashed) line m 
figure 3 shows the changes of 8* when a* for series A, B, C, D, and 
is, respectively, 4.4, 4.5, 4.5, 4.6, and 4.6. The limiting values 0 
a* and 8* would then be 4.6 and 0.074 instead of 4.4 and 0.054, and the 
difference of pH would be 0.002 unit for the most concentrated buffer 
and correspondingly less for the more dilute ones. 

* This interdependence of the two eters of the Hiickel equation has led to the formulation of singe 
parameter equations for activity coefficients. Van Ryssel e and Eisenberg faa) express the Bu tne 
a function of a by considering it to be a measure of the van der Waals (or covolume) correction to the activit) 
coefficient. Robinson and Harned [25] derived an empirical relation between a and @ for 12 uniunivales! 


electrolytes, finding 8 to be proportional to the fourteenth power of a. A critical discussion of these equr 
tions is given in the monograph of Harned and Owen (26). 
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Une , : . , 
th Ficure 3.—Plot of 8* at 25° C as a function of the contribution of sodium chloride 
_ to the tonic strength. 
H is 
Js Table 4 shows that (8g,r0,—faro,+B8c1)° is practically the same for 
he Ball 13 temperatures. The mean value is 0.057+0.002. Inasmuch as 
hese HB the maximum departure from the mean is 0.004 at 30° C, or 0.0016 in 
_ At Bi the pH of the most concentrated buffer, the mean value was employed 
ight 1 eq 4a for the calculation of the pH at all temperatures. The pH 
Vel, M@values of phosphate buffers composed of equal molal quantities of 
a potassium dihydrogen phosphate and disodium hydrogen phosphate 
uc without sodium chloride are given in table 5. The average values of 
fly BB»K given in the last column of table 2 were used. It is estimated 
are Me ihat the pH has a precision of +0.003. 
in- 
H is TaBLe 5.—pH of equimolal phosphate buffers without sodium chloride 
2Ars 
3 eS 
a | 
we PH for buffer of molality 
han "a * ER: esiant sy Sete. 5 (oe 
be 0.005 | oor | 0.02 0. 025 | 0. 04 0.05 | 0075 | O1 
ries oe ER ee Snes ees eases eae ne 
. in °¢ | 
iE 0 7. 138 7. 081 7.012 6. 983 6.925 | 6.805 
at 5 7.106 | 7.048 | 6976 | 6.950 | 6.891 | 6.861 
of 10 7.077 | 7.019 | 6948 | 6.922 | 6.864 6. 832 
15 7.053 | 6.005 6. 922 6.896 | 6.838 6. 808 
the 20 7.034 | 6.976 6. 904 6.878 | 6.820 | 6.791 | 
ffer 25 7.018 | 6.950 | 6.886 | 6.860 6. 802 6.714 | 6.671 | 
30 7.007 | 6.048 | 6.875 | 6.840 | 6. 790 | 6.702 | 6.658 | 
35 7. 001 6. 942 8. 868 6. 842 6. 782 6. 694 6.650 | 
40 | 6.996 6. 937 6. 863 6.837 | 6.778 | | 6.690 6.647 | 
| 4 | 6.004 | 6.934 | 6860 | 6.834 | 6.775 | | 6.686 | 6.642 
' 
50 | «46.995 6. 934 6. 859 6. 833 6. 77: | 6. 743 6. 684 6.640 | 
| 55 | 6907 | 6935 | 6.862 | 6836 | 6777 | 6.747 | 6688 | 6.645 
6 | 7.002 | 6941 | 6866 | 6.840 | 6.780 | 6.749 | 6.601 | 6647 
t | 
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IV. STANDARD PHOSPHATE BUFFERS 


1. pH VALUES AND THEIR CHANGE WITH TEMPERATURE Ayp 
CONCENTRATION 


In figure 4, the pH of the phosphate buffer without sodium chlori¢, 
is plotted as a function of the molality, m, of each buffer salt at ¢ 
10°, 25°, and 60° C. A change of 100 percent in concentration effec, 
a change of about 0.1 pH unit. When m is greater than 0.005 and |g 
than 0.1, the pH at 25° C is given by 


pH=7.162+2.18m—2.237 ym, @ 


within 0.002 unit. The change of pH with temperature, shown jy 
figure 5, is governed chiefly by the variation of pK. Thus the pHi; 
at a minimum at a temperature between 40° and 50° C and changs 
only a few hundredths of a unit between 20° and 60° C. 
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S fa 
The densities of four phosphate buffers, of molalities 0.01, 0.02, BM po | 
0.05, and 0.1, were determined at 25° +0.01° C with a picnomete tha 
that had a volume of approximately 57 ml. The results are given by i 
the equation “a 
c/m=0.99707 —0.0477m—0.024m?, \ slut 
differ 
where ¢ represents the concentration of each buffer salt expressed 9 i 


moles per liter of solution. The mean departure of the values of «" 
calculated by this equation from those computed from the measur 
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densities is +0.00001, or 0.001 percent. The upper limit of validity of 


eq 9 is m= 0. l . ¥ - : 
It is now possible to express the pH as a function of the molarity of 


the buffer ® by eq 10 
pH=7.169+2.39e—2.324 ye. (10) 


In the concentration range 0.005 ¢ to 0.1 ¢, eq 10 reproduces the pH 
with an accuracy of 0.002 unit.” 





7.1 












































7.0 
6.9F 
oH tele 
6.ers “"—S 
ee m=0.05 
6.7 Rie 
Ey, Se m=0.10 
t — 4 
6.6 | A i 7 | A. A. * L 
0 10 20 30 40 50 60 


TEMPERATURE - °C 
Figure 5.—pH of four phosphate buffers as a function of temperature. 


By differentiation of eq 10, one obtains 
d(pH)/de=2.39—1.162/c, (11) 


from which the change of pH that accompanies small changes in 
ec can be computed. With the use of eq 9, the difference, de, in 
molar concentration between buffer solutions which are, respectively, 
: molal and z molar in each salt can be found. From eq 11 it can 
be shown that the pH of a 0.01-molar phosphate buffer differs from 
that of a 0.01-molal buffer by only 0.0003 unit, whereas the difference 





' The pH given by eq 10 is referred to the same standard state as that used throughout this paper: } = 
~log an, where ap is the activity of hydrogen ion on the molal or weight basis. Since the infinitely dilute 
solution is normally chosen as the standard state on both the molal (m) and molar (c) scales, ac=amd°, 
where d° is the density of the solvent. Hence, the pH is the same at 4° C on the molar and molal scales and 
differs at 25° and 60° C by 0.0013 and 0.0073 unit, respectively. 

Obviously, eq 8 and 10 are merely formalized representations of the pH in the range of molalities (and 
Mmolarities) between 0.005 and 0.1, for unlimited dilution of the buffer must yield the pH of pure water. Since 
the pH is rather close to neutrality, the buffer effect will persist to fairly low concentrations. On the other 
band, 8 solution of which the pH is far removed from neutrality will begin to lose its regulating power at 
relatively high concentrations. 
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is 0.0010 unit when the buffers are 0.1 molar and 0.1 molal. ing 
this larger difference is within the limits of accuracy assigned to iJ 
pH in table 5, the pH of a buffer the molar concentration of whig 
is known can be considered the same as that of the solution of » 
merically equal molality. 

The pH values at 25° C of the phosphate buffer derived fn 
measurements of cells without liquid junction are compared ; 
table 6 with the pH of five buffers studied by Hitchcock and Tay; 
(H&T) [8], with six measured by Michaelis and Kriiger (M&K) (77 
with those of three buffers composed of sodium phosphates gy 
sodium chloride measured by Guggenheim and Schindler (G&S) mm 
and with the pH determined by commercial pH meters of the glg 
electrode type which had been calibrated with 0.05-m acid potassiy 
phthalate ee Cells with liquid junctions and hydrogg 
and calomel electrodes were employed in three of these earls 
investigations. 


TaBLeE 6.—Comparison of pH derived from Fe with and without liquid junctin 
at 25 
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* Recalculated with the use of 0.3358 v for the potential of the N/10 calomel electrode at 18° C; the pi In 
at 25° C was obtained by subtracting 0.024 unit from the pH at 18° C. 
u - of the buffer that contains sodium chloride equal in concentration to that of each phosphate. the s 
¢ Buffers prepared with sodium dihydrogen Pare instead of the corresponding potassium %. th 
Sodium chloride in concentration equal to that of each phosphate. wit 
4 Measurement of Glaubiger [29] with the Young “E on-Ray” pH meter. have 
¢ Measurement of Serensen [28] to the same value for this buffer. K 
a 


The solutions studied by Guggenheim and Schindler are not strictly Hine 
comparable with the others listed in the table, for they contained Jjmeas 
sodium chloride and the primary sodium salt. The results for these ii valu 
solutions have been included, however, in recognition of the fact that cock 
this substitution of the sodium salt for the potassium salt may not ij colw 
introduce an uncertainty any greater than that involved in the estims- jj on 
tion of the potential at the liquid boundary. Cohn [6] has reexamined tate 
the data obtained by Sgrensen [28] and Michaelis and Kriiger at 18°C. 
We have made a further adjustment of these values to conform to! 
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tential of 0.3358 for the N/10-calomel electrode*at*18°°C and have 
ptained the pH at 25° C by subtracting 0.024 unit from the pH at 
5° C. 

“The agreement of the results of this investigation with all three sets 
f earlier values is quite satisfactory. The pH measurements with the 
lass electrode agree with the computed pH within the limits of 
ecuracy of the commercial instruments [30, 34]. The measurements of 
laubiger [29] show agreement of a higher order than can normally 
be expected of a cell with glass electrode and a liquid junction. His 
sults are, on the average, 0.006 unit lower than those given in the 
ond column of table 6. The instrument used by Glaubiger was 
alibrated at 4.00 with 0.05-m phthalate buffer. If a value of 4.005, 
008, or 4.01 had been chosen for this standard, as is usually recom- 
mended, the agreement would have been even more complete. 

The measurements of Hitchcock and Taylor [8] are of particular 
nterest. These authors approached the problem of standardizing the 
Hetermination of pH from measurements of cells with liquid junction 
1a manner suggested by the work of Cohn, Heyroth, and Menkin [31] 
nd MacInnes and coworkers [32, 33]. In this treatment, the simple 
mf equation is used for the computation of pH, 


— pH=(E—E°—E;)/k=(E—E°*’)/k, (12) 


Sieg 


sand E° is adjusted to make the equation conform as closely as pos- 
ible to thermodynamic quantities. Guggenheim and Schindler, on 
he other hand, computed E;, the liquid-junction potential, from the 
Henderson equation and employed a selected value of E°, the standard 
potential of the calomel reference half-cell. 

Hitchcock and Taylor assigned a value of 0.2442 v at 25° C to BE’ 
for their saturated calomel electrode, as a result of extrapolations to 
infinite dilution of a function of the dissociation constant of primary 
phosphate ion [19] and the emf of cells containing phosphate buffers. 
An average value of 0.2441 v was chosen from measurements of 
acetate, phosphate, borate, and glycolate buffers, together with the 
* Bidissociation constants of the corresponding buffer acids. Compari- 
son of the second and third columns of table 6 demonstrates the 
esential agreement between the Hitchcock and Taylor pH scale 
and that defined by our method which utilizes measurements of cells 
without liquid junction. 

In order that the results of the two investigations might relate to 
the same value of the dissociation constant, the measurements made 


with phosphate buffers by Hitchcock and Taylor at 25° and 38° C 
have been recalculated with the use of the Hiickel equation and with 
pit and a° listed in this paper. The extrapolation plot was a straight 
tly line of small slope for each temperature. At 25° C, H° from the 


od Measurements with phosphate buffers becomes 0.2447 v. If this 
se Mm Value is used in eq 12, the pH of each solution measured by Hitch- 
at Mcock and Taylor is lowered by 0.008 unit, as shown in the fourth 
t™column. MacInnes, Belcher, and Shedlovsky [33], from extrapola- 
i Mion of their measurements of cells containing acetate and chloroace- 
ed HM tate buffers, concluded that H°+£E; has a value of 0.2446 v at infinite 














390 Journal of Research of the National Bureau of Standards 


dilution." The emf data of Hitchcock and Taylor at 38° © wey 
obtained from measurements of the cell, H,|Bufter|| KCl (saturated) 
HCl (0.1 ¢)|H., for which they chose E°+E;=—0.0668 v. Ry. 
calculation with pK=7.182 yields —0.0666 v for E+E; at 38° ¢ 
The two sets of pH values are given in table 7. The last colum 
gives data obtained by Glaubiger (G) [29] with the glass electrode, 


TaBLE 7.—Comparison of pH derived 2 with and without liquid junction 
at 

















on 
PH from measurements of— 
KH;PO, and 
aa H&T H&T Glass el 
y . : eo | 
This paper | (E°’ =—0,0608) | (E*’=—0,0666) | trodes (G) 
0. 0025 7.045 7. 048 7.045 7.08 
00625 6 981 6. 983 6. 980 6.97 
0125 6.917 6.918 6.915 6.90 | 
. 01875 6. 874 6. 871 6. 868 6. 86 | 
"0225 Oe 6.33 
"025 6. 840 6. 837 6. 834 és3 | 
| 

















The mean differences between the pH at 25° C obtained by Hitch- 
cock and Taylor from measurements of cells with liquid junction and 
the pH derived here from measurements of cells without liquid 
junction are only 0.002 unit (E°’=0.2442) and 0.005 unit (E°= 
0.2447). At38°C, the differences are 0.002 unit (Z°’ = —0.0668) and 
0.003 unit (Z° =—0.0666). 

When the pH values are made to conform to the same thermo 
dynamic constant, complete agreement is found for the dilute buffers 
on the two scales. The pH on the scale of Hitchcock and Taylor 
falls farther below the values reported in this paper as the ionic 
strength increases. For a fivefold increase in concentration of the 
buffer, the values of Hitchcock and Taylor and of Michaelis and 
Kriger both exhibit a decrease of 0.009 unit relative to the pH given 
in the second column. It is, perhaps, not surprising to discover that 
the potential at the liquid junction does not remain constant with 
changing concentration of the buffer, as is assumed in their method. 
With the values of this article as a reference, a difference of 0.6 mv 
between E; for phosphate buffers of 0.005- and 0.025-molar concen- 
tration is computed from eq 12. In this manner E°+E, at 25°C 
can be found for each of the phosphate buffers. To reproduce the 

H values of table 5, E°+ EZ, for the saturated calomel electrode used 
Hitchcock and Taylor must change with concentration of buffer. 
he potentials for buffers of molar concentrations 0.005, 0.01, 0.014, 
0.02, and 0.025 would be, respectively; 0.2446, 0.2443, 0.2442, 0.2442, 
and 0.2440 v. Although such a change is to be expected, it cannot 
be stated definitely that the error does not reside in the method 
computing pH from measurements of cells without liquid junction. 
1 A value of 0.2434 v for E°+Z; at ionic strengths of 0.04, 0.07, and 0.1 was found by Manov, Delulls, 
and Acree [34] from measurements at 25° C of hydrogen-calomel cells with liquid junctions. Their calcu 
Poh EO Gt ip 
py ~¥.- y-— was rigorously excluded. In the presence of air 0.2446 v was obtained for E°+5 
It must be remembered that intercomparison of the values of E°+E; obtained by various investigators 8 


not always justifiable, for this quantity is dependent not only upon the kinds and concentrations of oss 
at the boundary but upon the manner of forming the junction as well. 
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, The measurements of Glaubiger [29], on the other hand, do not 
a veal a similar change of liquid-junction potential with a change 
R the concentration of equimolal phosphate buffer. The agreement 
. f his results with the pH reported here leads to the conclusion that 
C. he potential at the liquid junction between saturated potassium 
mn : - : 
hloride and 0.05-m phthalate buffer does not differ apt from that 
st the boundary between saturated potassium chloride and phosphate 
then ufers of concentrations that range from 0.0025 m to 0.025 m. 
Since the total change in potential is not much greater than the 
recision of Glaubiger’s measurement, this discrepancy need cause 


hitle concern. 


2. PREPARATION OF PHOSPHATE BUFFERS 


These buffers are best prepared from freshly boiled distilled water 
and weighed amounts of each anhydrous salt, or of a carefully pre- 
pared mixture of the solid phosphates. The compositions of eight 
yseful buffer solutions are given in table 8. Inasmuch as anhydrous 
disodium hydrogen phosphate will take up moisture when the relative 
humidity exceeds about 41 percent at 25° C, it is considered good 
practice always to dry this salt, or the mixture of solid salts, at 

+h- #9 110° to 130° C for at least 2 hours. 
































nd 
Lid TABLE 8.—Composttions of standard phosphate buffers 
| Moles of each Equimolal mix- 
nd | phosphate per pH KHsP0, NasH PO, ture of buffer 
liter of solution salts 
10 (26° C) g/liter g/liter g/liter 
TS 0. 005 7.018 0. 6805 0. 7099 1. 390 
; 01 6. 959 1. 361 1. 420 2.781 
or | .02 6. 886 2.722 2. 840 5. 562 
lic . 025 | 6. $60 3. 402 3. 550 6. 952 
he 04 6. 802 5. 444 5. 680 11. 12 
I 05 6.772 6. 805 7. 099 13. 90 
1 . 075 | 6.714 10. 21 10. 65 20. 86 
an an | 6. 671 13. 61 14.20 27.81 
at A ae "orth at 7 
th 


It is evident from a consideration of the properties of a buffer 
composed of two salts that departures of the buffer ratio from unity 
_ will cause larger errors in the pH of the buffer than will inaccuracies in 
C total composition. If the ratio, moles KH,PO,/ moles Na,HPO,, is 

between 0.996 and 1.004, however, the pH will not differ by more than 
0.002 unit from that calculated for equal molal quantities of the 
two salts. It is well to strive for an accuracy of 0.1 percent in the 
weight of each salt used in the preparation of a standard phosphate 
buffer. The total volume of the buffer should be correct within 8 
ml/ liter, or 0.8 percent, if an accuracy in composition corresponding 
to 0.001 pH unit is desired. 

Inasmuch as all of these standard buffers are prepared from equal 
molal amounts of the two phosphates, it would be a convenience to 
the user to have at hand a mixture of the pure anhydrous salts in the 
proper proportions. An experiment was therefore performed to ascer- 
‘ain whether such a mixture of solid salts would be mechanically stable 
in shipment and storage. 

One bottle, half filled with a powdered mixture of the two salts in 
equal molal proportions, and one full bottle of the same mixture, were 


oe Ve 
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aor by mail twice from Washington, D. C., to San Diego, Cai 
and back to Washington. Five buffer solutions, each 0.02 m in sodiyy, 
chloride and 0.02 m with respect to both primary and secondary phos. 
phate salts if segregation had not occurred, were prepared with thy 
use of the top 4 g of salt mixture in each of these two bottles and thy, 
controls. Eight cells with hydrogen electrodes and silver-silyy. 
chloride electrodes were prepared from these solutions and opj 
measurements made at 25°C. The average emf, corrected to a pre. 
sure of hydrogen of 760 mm, was 0.73473 v, and the average deviation 
was0.03mv. Inasmuch as the emf of this cell was found to be 0.73473 
v from a plot of the data given earlier in this paper, it was concluded 
that little or no segregation had taken place. The possibility thy 
prolonged exposure to the normal vibrations of the laboratory shel 
might effect appreciable segregation cannot, however, be ignored. 


V. EFFECT OF SODIUM CHLORIDE ON THE pH 


The pH of an equimolal phosphate buffer containing sodium chlorid 
cannot be calculated from measurements of cells of the type used in 
this work and the two assumptions made earlier in this paper. |h 
order to do so, it would be necessary to evaluate Bg,r0,—Buro, in the 


presence of the chloride. The decrease of 8* as the molality of sodium 
chloride is lowered at constant ionic strength (see fig. 3) is partitioned 
in an unknown manner among the values of 8 for the three ions 
concerned. Whereas it was assumed that Sx,r0,—Supro, in the ab- 


sence of chloride can be identified with the limiting value of 8’, this 
term must logically be considered, in the light of the first assumption 
made earlier, to change when sodium chloride is added to the buffer 
solution. If this were not the case, there would be no “specific salt 
effect,”’ and the pH of a buffer solution with salt and one without 
salt could both be calculated from eq 4a without a change in the ionic 
parameters. 

In an unpublished investigation of the effect of neutral salts o! 
different valence types upon the pH of the equimolal phenolsulfonate 
buffer, the authors of this paper concluded that potassium nitrate, 
sodium sulfate, and trisodium citrate displayed only slight specific 
effects in their influence upon the pH. As a first approximation, each 
salt lowered the pH by the same amount as did an equimolal mixture 
of the buffer salts which contributed the same amount to the ionk 
strength. In view of the fact that a knowledge of the approximate 
pH of phosphate buffers with added sodium chloride is often desired, 
such a calculation has been made on the assumption that the influence 
of sodium chloride is, in this instance also, a ‘‘normal salt effect. 
It seems improbable, by analogy with the equimolal phenolsulfonate 
buffer, that this assumption should introduce an error greater thal 
0.005 unit when the ionic strength is 0.5 and the molalities of sodium 
chloride and of buffer are equal. 

If equations of the form of eq 4a are written for the pH of a |! 
phosphate buffer with no chloride at the ionic strength yu, and for the 
pH of the same buffer, pH’, to which sodium chloride has been added 
to a molality m2, an expression is obtained, by the subtraction of on 
equation from the other, for pH’ in terms of the pH of the bufle 
without chloride: 
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H' =pH— — (Bu,rpo,— Buro,+ Boi) °me, (13) 


pH’ =pH—¢(m.). _ (18a) 
Within 0.002 pH unit, ¢(m,) is given empirically by 
(m2) = (1+-at) (bm,+em}) (14) 


for temperatures, t, between 0° and 60° C. 

The constants of eq 14 were determined by the method of least 

squares and lead to the following expressions for the effect of sodium 
chloride on eight phosphate buffers, each of which contain equal 
molal concentrations (m) of potassium dihydrogen phosphate and of 
disodium hydrogen phosphate: 
0.005-m buffer:pH’ = pH— (1+0.0009#) (3.06m.—13.2m2). (15a) 
0.01-m buffer:pH’ = pH— (1+0.0006t) (2.13m,.—7.6m3). (15b) 
0.02-m buffer:pH’ = pH— (1+0.0004f) (1.36m,—3.6m3). (15c) 
0.025-m buffer:pH’ = pH— (1+0.0003t) (1.16m,.— 2.8m). (15d) 
0.04-m buffer:pH’ = pH—0.84m,+-1.6m?. (15e) 
0.05-m buffer:pH’ = pH—0.66m,+0.8mi. (15f) 
0.075-m buffer:pH’ =pH—0.48m,+0.4m. (15g) 
0.1-m buffer:pH’ =pH—0.40m,+0.4mi. (15h) 
The pH value of each buffer without sodium chloride at each of 13 
temperatures appears in table 5. These equations apply strictly 
only when the molality of sodium chloride (m2) is equal to, or less 
than, the molality, m, of each buffer salt. 
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Ficure 6.—Effect of sodium chloride on the pH of siz phosphate buffers. 


Curves A, B, C, D, F, and F represent buffers in which both phosphates are respectively 0.01, 0.02, 0.04, 
0.05, 0.075, and 0.1 molal. - 
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In figure 6, the pH of six of these buffers is plotted as a function y 
molality of added sodium chloride for values of m, up to 0.1. Thy 
dashed line which intersects all of the curves separates that portig, 
of each curve (on the left) which lies in the range of concentrations of 
the experimental measurements from that portion (on the right) which 
was computed from 15a to 15h beyond the region of their validity. 


The authors are indebted to C. G. Malmberg for distilling th 
conductivity water used in the preparation of the solutions and fy 
measuring its conductance. 
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MELTING POINT OF ALPHA-ALUMINA 
By R. F. Geller and P. J. Yavorsky 


ABSTRACT 


Results are given of seven melting-point determinations on alpha-alumina of 
high purity in an oxidizing atmosphere and under atmospheric pressure. There 
was detectable contamination of the specimens by vapors of other elements in the 
furnace atmosphere, but the results are believed to show that the melting point 
of alpha-alumina is within the range 2,000° to 2,030° C. 
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I. INTRODUCTION 


In the determination of a value for the temperature at which an 
element or compound melts, or freezes, the value obtained depends 
not only upon the purity of the material, the method, and the skill 
employed, but also on the temperature scale on which the value is 
expressed, Prior to the adoption of the International Temperature 
Seale ' in 1927, there was no scale in general use, particularly for high 
temperatures, and in many cases the differences between values 
reported for the same temperature are attributable at least in part to 
differences in the temperature scales used. Consequently, one must 
take into account the scale used by an investigator when his reported 
values are compared with values previously reported. This is espe- 
cially important for values determined prior to 1927. In some cases, 
sufficient data are available to permit expressing such values on the 
present International Temperature Scale, but in others the available 
information, or the method used, does not make this possible. 

In all the observations of the melting point of alpha-alumina 
(Al,O;) that have come to our attention, an optical pyrometer was 
employed to measure the temperature. The pyrometers were cali- 
brated at the melting, or freezing, point of one or more metals (or com- 
pared with an optical pyrometer that had been so calibrated) and an 





' George K. Burgess, BS J. Research 1, 635 (1928) RP22, 
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equation of some form applied for extrapolating to the melting poin; 
of Al,O;. The different melting, or freezing, points at which th 
pyrometers were calibrated, the different values assigned to they 
points, and the equations used for extrapolating, constitute the dif. 
erences in the temperature scales referred to above. 

For any given sample of alumina, the temperature at which j 
melts will depend not only upon the initial purity but also upon th 
kind and amount of impurity “picked up” tere the furnace ating. 
phere and the specimen support. In most of the previous reports 
the melting point of alumina, some reference was made to the initig 
purity, but no attempt was made after the test to determine the purity 
at the time the specimen melted. , 


II. PREVIOUS DETERMINATIONS 


The value usually given in the literature for the melting point o 
alpha-Al,O; is 2,050° C as determined by Kanolt,? who calibrated his 
optical pyrometer at the melting points of antimony, silver, coppe, 
and diopside. As a check on his pyrometric apparatus as a whole, he 
determined the melting point of platinum, to which he assigned the 
value 1,755° C. However, he did not heat the platinum by the samef joon 
method or in the same furnace as he did the Al,O;. Consequently. 
any correction of his reported values to the International Temperatur 
Scale would be spurious, 

Three years earlier, Ruff and Goecke * had reported the value 2,020° 
C for the melting point of Al,O,;. This was determined in a graphite 
resistance furnace and in nitrogen under atmospheric pressure, but 
the purity of the specimens, which rested on Al,O;, was not indicated, 
Their optical pyrometers, of which they used one for viewing the 
specimen through the side of the furnace and the other from the top, 
were calibrated by observing the melting of gold and of platinum 
the same furnace. In their calculations they used 1,071° C for the 
melting point of gold and 1,757° C for platinum, When the A\,0, 
was heated under reduced pressure (6 mm Hg), they noted lively 
vaporization at 1,740° C. 

n 1916 Ruff and Lauschke,‘ also using a graphite resistance furnace 
anc’ reduced pressure (7.5 and 7.7 mm Hg), reported observing the 
meiting of Al,O,; at 2,008° C and 2,005° C, respectively. Their optical: 
pyrometer calibration was based on the melting point of gold with a 
assigned value of 1,062.4°C, and on 1.437 cm-degrees centigrade for 
the constant C, in Wien’s formula.’ These melting-point values for 
Al,O, correspond to about 2,020° C and 2,017° C, respectively, whe 
recalculated on the basis of 1,063°C for the gold point and 1.432 for(, 
The Al,O, was described as a white powder with an ignition loss of 3.5 
percent, indicating that it was prepared from a salt and that it was 
probably of high purity. Their heating rates were 48 and 67 degree 
centigrade a minute. 

In 1931 Weigel and Kaysser,’ published the results of what appea® 
to have been a carefully conducted series of melting-point determin 
tions, but here again the purity of the Al,O; was only implied. Ther 

+0. W. Kanolt, Bul. BS 10, 295 (1914) S212. 
+ Otto Ruff and Otto Goecke, Z. angew. Chem. 242, 1459 (1911). 
4 Otto Ruff and George Lauschke, Z., anorg. allgem. Chem. 97, 73 (1916). 


5H. T. Wensel, J. Applied Phys. 11, 373 (1940). 
* 0. Weigel and F. Kaysser, Neues Jahrb. Mineral. Geol. Beil. 64 [A], 321 (1931). 
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ynthetic corundum was a massive crystalline material furnished by I. 
‘ Farbenindustrie, and the powdered samples were described as the 
urest Kahlbaum preparations of Al,O, for reagent purposes, and of 
alkali-free hydroxide. The furnace was of the graphite resistance 
type, with a ZrO, inner lining through which either Ng, or air, could be 
assed as desired. The calibration of the optical pyrometer was 
based on 1,063° C for the melting point of gold and on the value 1.430 
for the constant C,. The calibration and melting-point technic was 


Point 
1 the 
these 

diff. 


ch it 
1 the 


TOs 
ts nfm checked by observing the melting of silver, gold, palladium, platinum, 
iti HE rhodium, and iridium. Of immediate interest is their accepted value 


of 1,770° C for platinum, which is in good agreement with the value of 
1773.5° C for this point on the International Temperature Scale. 

In 34 tests, specimens of the corundum were fused on charcoal 
in a nitrogen atmosphere, and at a heating rate which ranged from 
5 to 20 degrees centigrade a minute. The melting-point values ranged 
it of from 1,990° to 2,037° C, with a mean of 2,007° +4° C. For a single 
| his MM determination with the specimen on iridium and in a stream of air, 
pet, Me melting was observed at 2,001° C; the tested specimen was described 
* hel as water clear. The average of 40 tests on the powders was 2,001° 
lief 14° C, using charcoal as the support for the specimens (which had 
ame Me been formed by pressing, with gum tragacanth as the binder) and an 
itly, MM atmosphere of nitrogen. No difference in results was noted for the 
Ue oxide and the hydroxide. Weigel and Kaysser also determined the 

melting point of the Al,O; powder in air and on iridium. For these 


Ne : “ ; : ° > 
20" HM tests, a small piece of rhodium wire was placed upon the alumina speci- 
hite Mi men and in two trials the Al,O; was observed to melt 35 and 40 degrees 
but MM centigrade respectively, above the melting temperature for the 


ted. i rhodium. Accepting 1,966°7 as the melting point of rhodium on the 
the International Temperature Scale places the melting of the alumina 
OP, Mm at 2,001° C in the first test and at 2,006° C in the second. If the 
\ WE weighted average of all of their values is recalculated to the Inter- 
‘he national Temperature Scale, we obtain 2,000° C. 
Weigel and Kaysser also conducted several tests with colorless 
‘ey MM natural sapphire from Ceylon and with bluish and greenish natural 
corundum from Australia. It is interesting that they obtained higher 
ace values for these specimens—2,022° +9° C for the former and 2,021° 
eRe +4°C for the latter. 
a Bunting * reported the melting of Al,O; at 2,040° C and at 2,045° C. 
a0 His optical pyrometer was calibrated at the National Bureau of 
for Standards, and his values are expressed on’ the international scale. 
fr The oxide was prepared by dissolving aluminum of 99.95 percent 
“iim purity in reagent quality HNO,, and igniting at 1,400° C. All reac- 
+ tions were carried out in platinum. The granules of sintered alumina 
°° @& were placed in a well (about 7 mm deep by 4 mm in diameter) formed 
"SI in the top of an iridium pellet, which was then heated by induction in 
ur and under atmospheric pressure. The temperature was raised 
quickly to about 2,000° C and then increased at 5 to 10 degrees centi- 


ars . . . 

“ grade a minute, until the specimen of Al,O,; was seen to melt. The 
*. fa Pyrometer was sighted on the iridium. 

eu 


—_—_ 


Wm. F. Roeser and H. T. Wensel, BS J. Research 12, 519 (1934) RP676. 
E.N. Bunting, BS J. Research §, 325 (1930) RP203; 6, 947 (1931) RP317. 
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In 1943 Geller and Bunting ® reported the value 2,035° C for the 
melting point of Al,O;. They used the same pyrometer previously 
used by Bunting (see footnote 8), but fragments of the Al,O; were 
placed upon iridium (fig. 1), the pyrometer was sighted directly on the 
specimen, and the furnace was heated with ThO,-CeO, resistors.” This 
value of 2,035° C represented seven determinations ranging from 2,000° 
to 2,040°C, and the alumina was believed to be at least 99.9 percent pure, 





























Al 

<= perce 

— Allr 

sinte 

Cu, - 

sion, 

Tl 

calib 

tem] 

poin 

form 

in W 

Ficure 1.—Furnace setup for melting-point tests. . P, 

Cut-away section of the heating chamber in the furnace described in J. Research NBS 27, 555 (1041) RPI" \see 

The chamber was made of thoria, and the resistors, of which two are shown in place, were made of 85 per- exce 

cent thoria and 15 percent ceria. The pyramidal-shaped specimen rests on an iridium “button,” which is P: 

supported by a thoria pedestal. , ‘ 

imag 

Because of several factors which, at the time, were not recognized was 

as militating against the accuracy of the results, the authors feel that P: 

the value of 2,035° C is to be questioned. pyre 
As a part of further high-temperature investigations, seven addi- 

tional determinations were made under conditions considered to be | 

productive of more reliable data, and the results are reported in this ag 

paper. 

III. MATERIALS — 

Alumina from three sources was used: —s 

Alumina A.—This had been fused and recrystallized by the Norton the 

Co., Worcester, Mass. The sample was submitted by Dovmend R. the 

Ridgway, who described it as soda free and containing 0.05 percent pate 

* R. F. Geller and E. N. Bunting, J. Research NBS 31, 255 (1943) RP 1564. an 


” R. F. Geller, J. Research NBS 27, 555 (1941) RP1443. 
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of included carbon, the balance being Al,O,. The specimens were 
irregular fragments of crystals about %. in. in maximum dimension. 

Alumina B.—This was obtained from another industrial concern. 
The specimens were formed by cutting them to the desired shape 
with a diamond impregnated wheel from a single crystal of synthetic 
colorless corundum about % in. in diameter. Spectrographic anal- 
ysis indicated that it contained about 99.99 percent of Al,O,, and that 
the 0.01 percent of impurity was about four-tenths CaO and about 
three-tenths SiOz, 

Alumina C.—This was prepared by dissolving aluminum of 99.987 
percent purity “ with reagent quality HNO, and igniting at 1,100° C. 
All reactions were carried out in platinum, and the spectrogram of the 
sintered oxide indicated less than 0.01 percent each of Ag, B, Ca, 
Cu, Fe, Mg, and Si. The specimens, about %, in. in maximum dimen- 
sion, were irregular fragments of this sintered and porous sample. 


IV. TEMPERATURE MEASUREMENTS 


Three Leeds & Northrup optical pyrometers were used, and all were 
calibrated at the National Bureau of Standards. They indicated 
temperatures on the international scale, based on 1,063° C as the gold 
point and 1.432 cm-degrees for the constant C, in the following 
formula, as presented and discussed by Wensel.” 

oes oe Aln (J /Jo) 
t+273 t+273 —~ 
in which 
t=determined temperature, °C. 
t=gold point (1,063°). 
J=radiant energy of wavelength, A, from black body at 
temperature f. 

J,=the corresponding value for temperature fo. 
In=natural logarithm. 


Pyrometer D.—This was the same instrument used by Bunting 
(see footnote 8), and later by Geller and Bunting (see footnote 9), 
except that it had been reconditioned and recalibrated. 

Pyrometer E.—This was of recent manufacture, permitting a clearer 
image of the specimen and more precise tempertature readings than 
was possible with pyrometer D. 

Pyrometer F.—This was a new instrument of the same model as 
pyrometer E. 

V. METHOD 


The specimens were heated in air, under atmospheric pressure, 
and on iridium, using the furnace described by Geller (see footnote 10) 
and the arrangement shown in figure 1. By careful placement of the 
iridium “button” so that its flat (or slightly concave) upper surface was 
perpendicular to the line of vision, an effect was obtained in which 
the flat iridium surface reflected less light to the pyrometer than did 
thespccimen. As a result, the metal appeared slightly colder than the 
specimen and made it visible in outline. 


e--—-- 


' James I. Hoffman and G. E. F. Lundell, J. Research NBS 18, 1 (1937) RP957. 
* HH. T. Wensel, J. Am. Ceram. Soc. 19, 81 (1936). 
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By using specimens which showed sharp corners in outline, x 
viewed from above, the beginning of melting could be observed as , 
dulling, or rounding, of the corners, and the corresponding temper. 
ture was obtained by sighting the pyrometer on the specimen. 

In order to check the accuracy of the temperature measurements 
each pyrometer was used to observe the melting of platinum or of ; 
platinum-rhodium alloy. These observations were made in the san: 
furnace by using pieces of wire which rested on a refractory oxide bas 
in place of the iridium. In this case, the wire could be seen becauy 
its surface reflected the colder observation hole and also the slightly 
hotter heating elements. The pyrometer was sighted on the refra. 
tory, for which ThO,, ZrO,, or Al,O; was used. The observation 
show that black-body conditions were realized and that the over-;ji 
inaccuracies of the temperature measurements were within the limits 
of the optical pyrometer, which was certified to +10 degrees centi- 
grade. The actual values obtained are as follows: 








1, 940°+20°C 
1, 905°+20°C 
1, 845° +20°C 
1, 773. 5°41°C 











%J. 8S. Acken, BS J. Research 12, 249 (1934) RP650. 
“ W. F. Roeser, F. R. Caldwell, and H. T. Wensel, BS J. Research 6, 1119 (1931) RP326. 


VI. RESULTS 


The results are summarized as follows: 








Heating rate, °C/min_._.. 3 1 
Melting point, °C 1 , 2,010 








The melting point was taken as the temperature at which the 
corners of the specimen were seen to become rounded. Heating 
slowly (1°/min) during tests 1 and 5 beyond the temperature at which 
melting started caused an appreciable flow of the molten Al,O,; when 
the temperature reached 2,025°C and 2,035°C, respectively. 

ThO, was selected for all of the parts making up the heating chamber 
because it is believed to have a very low vapor pressure at the tempers- 
tures attained in this work. Nevertheless, to determine if the alumina 
had been contaminated during the heating, the specimens from tests 
1 and 2 were analyzed in the Spectroscopy Section of the National 
Bureau of Standards, and specimens from tests 6 and 7 were returned 
for a spectrographic analysis to the concern which had 
supplied alumina B. 

All the spectrographic analyses of the tested specimens indicated an 
appreciable “pickup” of impurities from the furnace atmosphere. 

his contamination was determined to be 1.1 percent of the top portion 
of the specimen and 1.0 percent of the bottom portion. It apparently 
was composed of about 0.5 silica and 0.3 magnesia, with nickel and 
iron making up the bulk of the remainder. The furnace parts shown 
figure 1 had been used only for these melting-point tests of alumina, 
and consequently the contaminating oxides must have found thet 
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way as vapors into the heating chamber from the outer and relatively 
colder parts of the furnace. 

It is possible that the contaminaton was concentrated in the outer 
portions of the specimens from aluminas A and B, in which case it 
could have had a marked effect on the melting behavior, and the be- 
ginning of melting noted at 2,000°+ 10° C may have been the forma- 
tion of a rather impure liquid at the surface. In support of this possi- 
bility, it was noted that specimens of alumina C, which were porous 
and therefore susceptible to contamination throughout the mass, 
melted sharply and uniformly, rather than beginning at the surface. 
Available information indicates that the two principal impurities, 
silica and magnesia, would lower the temperature at which melting 
would begin. Although the average value of 2,000° C obtained for 
the beginning of melting of the alumina used in the present investiga- 
tion is considered accurate to +10 degrees centigrade, the melting 
point of pure alumina may be slightly higher. However, it seems 
likely that the generally accepted value of 2,050° C is too high, and 
that a more correct value will be in the range 2,000° to 2,030° C. 


VII. CONCLUSION 


As a result of the observations reported in this paper, it is believed 
that the melting point of alpha—Al,O,; is within the range 2,000° to 
2,030° C, and that a more accurate determination of the true value 
must involve prevention of contamination of the alumina specimen 
by vapors of other elements in the furnace atmosphere. 


WasuinoTon, February 23, 1945. 
y , 
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EATS AND FREE ENERGIES OF FORMATION OF THE 
PARAFFIN HYDROCARBONS, IN THE GASEOUS STATE, 
TO 1,500° K* 


By Edward J. Prosen, Kenneth S. Pitzer,’ and Frederick D. Rossini 


ABSTRACT 


Values are presented for the heats of formation and the free energies of forma- 
n, from solid carbon (graphite) and gaseous hydrogen, of all the normal paraffin 


ydrocarbons and of the isomeric parafiins from the butanes through the octanes, 
n the gaseous state, to 1,500° K. 
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I. INTRODUCTION 


This paper presents new values for the heats and free energies of 
formation, from solid carbon (graphite) and gaseous hydrogen, of 


each of the 40 paraffin hydrocarbons from methane through the 


tanes, and of the higher normal paraffins, in the gaseous state, to 
4 500 OK 


II. UNIT OF ENERGY AND MOLECULAR WEIGHTS 


the unit of e nergy use <1 in this paper is the conventional thermo- 
mical calorie defined as follows [1]. 


1 calorie=4.1833 international (NBS) joules. 


The molecular weights were calculated from the values given in 
de 1941 table of International Atomic Weights [2]. 


__ 


stigation was performed at the National Bureau of Standards jointly by the Thermochemical 
nd the Amer can Petroleum Institute Research Project 44 on the “Collection and Analysis 
ita on the Properties of Hy we warbons.”’ 


sultant to the Americar troleum Institute Research Project 44 Professor of Chemistry, Univer- 
{ California, Berkeley, Cali ' 


brackets indicate the literature references at the end of this paper. 
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III. METHOD OF CALCULATION 


Values of AH/%, the increment in heat content for the reaction 
of forming the given hydrocarbon in the gaseous state, from the 
elements carbon (solid, graphite) and hydrogen (gas), with the react. 
ants and the product in their appropriate thermodynamic standard 
states, at 0° K, were calculated i combining values of AH/,,,., 
with values of H°293.1s— H% for the appropriate compounds, by means 
of the relation * 


AHf°o=AHf? 296.16 — A (1 296 16 — Ho), (1) 


where the last term on the right is the value of H° 29. 143— Hy (the heat 
content at 25° C less that at 0° K) for 1 mole of the gaseous hydro- 
carbon less that of n moles of solid carbon (graphite) and (n+}) 
moles of gaseous hydrogen (the molecular formula of the hydr- 
carbon being C,Ho2,,2). 

Values of AHf° for the other temperatures were then systematically 
calculated by means of the relation 


AHf° =AHf, + A(H°— Hi). (2 


Values of AFf°, the increment in free energy for the reaction cf 
forming the given hydrocarbon in the gaseous state, from the elements 
carbon (solid graphite) and hydrogen (gas), with the reactants and 
the product in their appropriate thermodynamic standard states at 
the given temperature, were calculated by combining values of AH, 
with appropriate values of (F°—H))/T, the free-energy function, by 
means of the relation 


AFf?=AHf,+ TA(F° —H,)/T, (3) 


where the last term on the right is the value of the product of the 
absolute temperature and A(f°—H);)/T7, the free energy at the given 
temperature less the heat content at 0° K, divided by the absolute 
temperature, for 1 mole of the gaseous hydrocarbon less that of » 
moles of solid carbon (graphite) and (n+1) moles of gaseous hydro- 
gen (the molecular formula of the hydrocarbon being C,H,,,»). 


IV. DATA USED IN THE CALCULATIONS 


The data used in the calculations include the following: 

Values of the heat of formation, AHf°, for the gaseous hydrocarbons 
at 25° C are taken from reference, [4]. ; 

Values of the heat content at a given temperature less that at 0° K, 
H°— Hy, and of the free-energy function, (7°—H)/T, for the gaseous 
hydrocarbons, are taken from the following sources: For methane, 
from reference [5]; for ethane, propane, n-butane, n-pentane, n-hex- 
ane, n-heptane, n-octane, and the higher normal paraffins, from refer- 


¢ The usual convention is followed of letting the subscript denote the absolute temperature. The super 
script denotes the thermodynamic standard state. See reference [3). 
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ence [6]; for isobutane, isopentane, and neopentane, from reference [7]; 
for the difference between n-hexane and its isomers and between 
n-heptane and its isomers, from reference [8]; for the isomeric octanes, 
from references [7] and [9]. Values of the foregoing properties for 
several of the intermediate temperatures were calculated by W. J. 
Taylor of this Bureau in connection with the work of the American 
Petroleum Institute Research Project 44. 


V. RESULTS OF THE CALCULATIONS 


The resulting values ® of the heat of formation, AHf°, are given in 
table 1. The resulting values * of the free energy of formation, AFf°, 
are given in table 2. 





The uncertainty in the values for 2,3-dimethylhexane may be several times that for the other isomeric 


octanes (4). 
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Figure 1 is a plot that shows the thermodynamic stability, py 
carbon atom and with respect to the elements solid carbon (graphit. 
and gaseous hydrogen, of the normal paraffin hydrocarbons in th 
gaseous state as a function of the temperature. This plot shows the 
thermodynamic stability, per carbon atom, with respect to the ds. 
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Ficure 1.—Thermodynamic stability of the normal paraffin hydrocarbons i ‘i 
gaseous state as a function of temperature. 


The scale of ordinates gives the value of (1/n) (AFf°/T) in calories per degree mole, where n is the num# 
carbon atoms per molecule, 7' is the absolute temperature in degrees Kelvin, and AF/° is the st 
free energy of formation of the hydrocarbon from the elements, solid carbon (graphite) and gaseot 
drogen, as given in table 2. The scale of abscissas gives the temperature in degrees Kelvin. 








Heats and Free Energies of Formation 411 


nents, of the normal paraffin hydrocarbons in the gaseous state. 
Points below the zero line indicate that the gaseous hydrocarbon in 
is standard state has a thermodynamic tendency to be formed from 
id carbon (graphite) and gaseous hydrogen in their respective 
tandard states. 

Plots showing the relative stability of n-butane and isobutane, the 

pentanes, the 5 hexanes, the 9 heptanes, and the 18 octanes, are 
viven in references [9 and 10]. 
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